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(i) ABSTRACT
The use of aluminium alloy films, and in particular Al-1%-Si, is common in many 
microelectronic interconnection schemes. Specular reflectivity and sheet resistance 
measurements are often used to characterise the deposited film. These and other properties, 
such as electromigration resistance, are dependent on the film's structure. An 
understanding of the relationship between the film structure and its properties is therefore 
important.
Al-1%-Si films were deposited using dc magnetron sputtering onto (100) silicon substrates 
with or without thermal or deposited oxide layers. The film grain size and orientation 
were determined using scanning electron microscopy and X-ray diffraction measurements 
respectively. The orientation was quantified by the ratio of the X-ray diffraction intensities 
from the (111) and (200) planes.
The structure of Al-1%-Si films depended strongly on film thickness using continuous mode 
deposition, and on substrate position using batch mode. For both modes of deposition the 
X-ray diffraction ratio was dependent on the substrate used. By careful choice of monitor 
substrate, and control of deposition conditions, the film structure could be successfully 
predicted and controlled.
The specular reflectivity of Al-1%-Si films has been shown to depend on their roughness,
optical properties and grain size, and the measurement wavelength. Of particular
importance in determining the specular reflectivity is the substrate used as well as its 
position for batch mode deposition. The critical dimension size and automatic alignment
accuracy obtained during the photolithographic patterning of the deposited film depended
on its specular reflectivity. This shows that specular reflectivity control, especially for a 
batch deposition process, is important.
Finally, room temperature sheet resistance has been shown to vary with the substrate used 
and substrate position during batch mode deposition.
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CHAPTER 1
INTRODUCTION
The manufacture of discrete components and integrated circuits can be divided into a 
number of processing steps, whose main divisions are deposition (including ion 
implantation), definition (photolithography) and etching. One or more of the deposition 
stages is concerned with making contact to diffused or implanted areas on the substrate, 
and forming interconnections between them and to bonding pads for connection to 
packaged device leads. The contact and interconnection scheme used may be a single or 
multilevel structure depending on circuit requirements^^^. In both bipolar^^^ and MOS^^^ 
device manufacture the use of multilevel structures is common in order to achieve the 
required circuit packing density and performance. However the ability to interconnect 
devices in a given metallisation scheme poses constraints on overall device performance, 
setting limits to operational speed, packing density and reliability^'^^.
The contact and interconnect material used in the infancy of microelectronic device 
manufacture was aluminium, which was chosen because of its conductivity, availability, ease 
of deposition and compatibility with silicon^^l This proved adequate until junction depths 
were reduced, as devices were scaled to improve their performance, leading to degradation 
of aluminium contacts to silicon by a short circuit failure mode, caused by the dissolution 
of silicon by the aluminium and penetration of aluminium into the silicon contact area^^l 
To alleviate this problem aluminium-silicon alloys were used as a contact and interconnect 
layer, the silicon content ensuring the aluminium was saturated with silicon thus avoiding 
any reaction with the substrate^^^. Typically a 1% silicon addition is used providing 
saturation up to 500°C, which is usually above the highest temperature seen during 
subsequent processing. The requirement of high throughput deposition of aluminium alloys 
of reproducible composition led to the use of sputtering, primarily using dc magnetron 
sputter deposition equipment, in preference to evaporation as the preferred deposition 
technique^^'®'^^. Although complex metallisation schemes have evolved, with the use of 
contact layers, barrier layers and novel dielectric structures, the basic Al-Si alloy is still
usually found as a major component of the final metallisation structure, although it may be 
modified further by additions of other alloying elements such as Cu, Ti or Pd in an attempt 
to modify its properties. The use of dc magnetron sputtering for the deposition of 
conducting layers remains unchallenged apart from some use of the chemical vapour 
deposition of although some effort is now being directed toward the difficult task of
A1
There are many areas of concern relating to the properties of the interconnection scheme 
including its resistance to electromigration failure and the effect of the metallisation layer on 
the photolithographic patterning process. Both the electromigration resistance and the film 
specular reflectivity are dependent on film structure and hence on deposition conditions. 
The electromigration resistance of an aluminium alloy film has been shown to depend on 
film grain size, grain size uniformity and film orientation, measured using an X-ray 
diffractometer. The specular reflectivity depends on the deposited film's surface structure in 
a fairly complex fashion. The optimum value of film specular reflectivity required during 
metal photolithography has not been quantified, but it is known to affect both critical 
dimension control and automatic alignment accuracy. Monitoring of the deposited 
aluminium alloy is routinely confined to either visual inspection or some quantification of 
the film's specular reflectivity. However, the quality of the film measured by this specular 
reflectivity value is not well defined and consequently the usefulness of the measurement as 
a control parameter is not fully understood. Although there is a trend towards single 
substrate deposition systems as substrate size increases, batch deposition systems are 
commonly used to deposit aluminium alloy layers. There is, however, little information 
available on both the optimisation and measurement of film structure and properties with 
substrate position in such systems. Monitoring is often confined to a single substrate 
position using silicon substrates as monitors, although during device manufacture thick 
oxide layers are present prior to metallisation.
The present work has concentrated on the characterisation of dc magnetron sputtered 
Al-1%-Si alloy film structure, using scanning electron microscopy and X-ray diffractometer 
measurements as the deposition conditions and substrate type were varied. The deposited
film's optical and electrical properties were monitored using specular reflectivity and sheet 
resistance measurements. The problem of the monitoring and optimisation of a batch 
deposition process has also been addressed, along with the quantification of the relation 
between film specular reflectivity, critical dimension control and automatic alignment
accuracy during film patterning.
The work has been carried out at two locations. Philips Components Southampton and 
Philips Components Hazel Grove, using Electrotech MS5200 and MS6200 dc magnetron 
sputtering systems. The basic mode of operation of the sputtering system, and the film 
thickness routinely used at each location differed. At Southampton continuous mode 
deposition of 1.1 + 0.1 pm Al-1%-Si films was used in the fabrication of MOS integrated 
circuits, whilst at Hazel Grove batch mode deposition of Al-1%-Si films 3.0 + 0.3 pm thick 
was used in the fabrication of power MOS devices. This has led to some discontinuity in 
experimental results obtained for batch mode characterisation where a full characterisation 
of the deposited film's structure, optical and electrical properties was possible only for films 
from 2.7 pm to 3.3 pm thick. However the conclusions are able to be transferred to thinner 
films and the applicability of the results is indicated within the thesis.
The thesis is divided into eight chapters, including this the introduction (Chapter 1).
Chapter 2 contains a literature survey covering the topics of thin film orientation and 
growth, the relationship of electromigration resistance to film structure and the factors
affecting film reflectivity and resistivity and their relation to film structure. Chapter 3 gives
details of the method of film deposition and the subsequent characterisation techniques 
applied to the deposited film, namely. X-ray diffraction, scanning electron microscopy, 
specular reflectivity and sheet resistance measurement. Chapters 4, 5 and 6 are concerned 
with the results of structural, optical and electrical characterisation of the deposited films. 
Each of the chapters is divided into two sections dealing with continuous and batch mode 
deposition of films. Chapter 5 also contains results of critical dimension size and automatic 
alignment accuracy measurements made on films, deposited using continuous mode, during 
photolithographic pattern definition. Results are discussed in Chapter 7 which is divided
into sections dealing with film structure, optical and electrical properties. Finally in Chapter i
8, the conclusion, the results are summarised and discussed leading to recommendations on I
Ithe characterisation, optimisation and control of the sputtering process, and suggestions for |
further investigations.
CHAPTER 2
LITERATURE SURVEY
2.1 Introduction
There is a lack of systematic investigation of the variation of film structure with deposition 
conditions for dc magnetron sputtered A1 alloy films, although structural factors 
determining electromigration resistance or specular reflectivity are often reported for a given 
set of deposition conditions. For this reason the literature survey will include relevant 
information from films deposited by evaporation, where more information regarding film 
structure is available.
The survey is split into two sections dealing with examples and models of thin film 
orientation and growth in Section 2.2 and the effect of process conditions and the resulting 
microstructure on the measured properties of the deposited film in Section 2.3. Section 2.3 
is itself subdivided into sections dealing with electromigration resistance (2.3.1), specular 
reflectivity (2.3.2) and resistivity (2.3.3).
2.2 Thin Film Orientation and Growth
The physical properties of a deposited film, and therefore its usefulness in any chosen 
application will depend on its structural characteristics. An understanding of how thin 
films evolve during deposition is necessary in order that deposition conditions can be 
modified to obtain the required structural characteristics. Since the initial stages of thin film 
growth are well documented^^^^''^^^ the following section will concentrate on examples from 
the literature dealing with the factors affecting the final orientation of A1 and A1 alloy films.
The degree to which orientated growth takes place during deposition can be investigated 
using X-ray or electron diffraction techniques.
Epitaxial growth of aluminium on silicon is not expected due to the disparity of their lattice 
parameters, which indicate a misfit of 29%. However epitaxial growth of (111) aluminium 
on (111) silicon surfaces has been observed by matching four aluminium lattice planes to 
three of silicon after annealing of a multigrained film^^^^. No epitaxial growth on (100) 
silicon was observed using the same deposition and annealing conditions^^^^. Epitaxy has 
also been observed using the partially ionised beam (FIB) technique, where (111) aluminium 
planes align with (111) silicon planes in the as deposited film, which is single crystal^^^^. 
Using the ionised cluster beam (ICB) technique (111) epitaxy has been observed for 
aluminium on (111) silicon^^^^. Two orthogonal orientations, leading to a multigrained film, 
were observed for aluminium on (1(X)) silicon, where the (110) plane of aluminium was 
parallel to the substrate surface^^^^. These relations were however obtained only after 
heating the silicon substrate to 1000°C in vacuum before deposition.
A more common form of oriented growth is where one plane preferentially forms parallel 
to the substrate surface in a polycrystalline film, and it is this tendency which will be 
discussed in Sections 2.2.1 and 2.2.2, where for example if a (111) plane forms parallel to 
the substrate surface it will be denoted as a (111) orientation. A more complete description 
of the classification of orientations is given by Bauer^^^^ and general reviews of the factors 
affecting thin film orientation are given by Pashley^^^^ and Chopra^^^l
2.2.1 Orientation of Evaporated AI Films
There have been a number of studies^^^"^^^ where the orientation of evaporated aluminium 
films have been reported. Early work was concerned mainly with films deposited onto 
alkali halides^^^"^^^ and other ionic crystal substrates^^®"^^l Film orientation was shown to 
be dependent on the substrate type^^^^^^], orientation^^^^, preparation^^^^ and film 
thickness^^^]. Results of studies involving deposition onto silicon and oxide layers on 
silicon are given in Table 1. Temperature^^®'^®^, substrate type^^^'^^^ and orientation^^^^, 
film thickness^^^i residual gas type and pressure^^^'^^^ and the evaporation rate^^^^ and 
source type^^^^^^^  ^ were all shown to affect the film orientation. In many studies^^^^'^^'^^^ 
the orientation is quantified by the ratio of the (111) to (200) diffraction intensities measured
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using an X-ray diffractometer in the manner described by Vaidya et There is little
speculation on the causes of the observed variation in orientation, although the identification 
of impurity phases, either at grain boundaries or over the whole film surface when water 
vapour^^^'^^^ or oxygen^^^^ were present during deposition, was linked to renucleation of 
the aluminium during growth.
2.2.2 Orientation of Sputtered A1 Films
Various investigators^^^"^^^ have reported results of X-ray diffractometer measurements of 
the orientation of sputtered A1 or A1 alloy films, often choosing to quantify their results 
using a ratio of the (111) to (200) diffraction intensities, after work by Vaidya et al^^^ .^ 
Table 2 shows a summary of the results obtained in a number of studies^^^"^^^, where a 
dependence of film orientation on deposition temperature^^^'^^'^"^^, residual gas 
pressure^^^'^^^, applied dc bias^^^"^^^, target design^^^'^^^ and annealing conditions^^^^ has 
been demonstrated. There is a noticeable lack however of a systematic study of the effects 
of film thickness variation or substrate type on the observed results which are usually 
performed using a fixed film thickness and substrate type.
Both Merchant et al^^^  ^ and Bacci et al^^^  ^ have investigated the effect of the deposition 
system on film orientation. Merchant et al^^^^ found that annealed Al-Cu alloy films had a 
strong (111) orientation. The use of composite targets usually led to the appearance of a 
weak (220) diffraction peak, while in one case a strong (220) orientation was found with no 
(111) orientation present. The effect of deposition rate, base pressure and deposition 
pressure was masked by the effect of the target. No (200) orientation was present in any of 
the deposited films. Bacci et al^ ^®^  concluded that a low base pressure and high deposition 
rate are required to reduce gas trapping in the film during deposition, to promote ordered 
crystallographic growth. Films of Al-1%-Si alloy deposited at low base pressures (<2 x 
10"7 Y) and high deposition rates (>1 pm /m in) gave (111) oriented films only. Application 
of a negative dc or rf induced substrate bias voltage caused a deterioration of (111) 
orientation with the appearance of (200) diffraction peaks.
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There is a clear tendency for A1 to deposit with a strong (111) orientation under most 
deposition conditions^^^"^^]. The development of other orientations is usually linked to 
factors preventing grain growth, such as residual gas incorporation^^^'^^'^®^, sputtering gas 
incorporation^^^^ for films deposited using substrate bias or nucléation of grains away from 
the substrate interfacel^^^^ caused by ion bombardment during bias sputtering. It is 
interesting to note that Park et al^ ^^ ^^  have reported both an increase and decrease in (111) 
orientation with negative dc bias depending on the type of target used and that 
Fischer et al^^^  ^ reported an increase in (111) orientation under high partial pressures of 
o)tygen for annealed films. The effect of decreased substrate temperature is to promote the 
(111) orientation, as indicated by Vaidya et al^ ^^ ^^  and Inoue et al^ ^®^ . Queirolo et al^^^l 
indicated that at higher temperatures there is a distribution of (111) planes that are inclined 
with respect to the substrate surface and would not be seen by normal X-ray diffractometer 
measurements.
There is no reported investigation of the variation of the films orientation with substrate 
position in a batch mode deposition system, which is a factor of some importance. Usually 
when a batch mode system is being used the results being reported for one position 
assumed to be remote from the target during the initial sputtering period^^^^.
2.2.3 Structure Zone Models and Grain Growth
Structure zone models are an attempt to generalise the relationship between film structure 
and deposition conditions. Classification has occurred mainly for films which are tens to 
hundreds of microns thick deposited by evaporation^^^^ and sputtering^^^® .^ The film 
structure being classified according to the reduced deposition temperature, T/Tj^, where T 
and Tjj  ^ are the deposition temperature in Kelvin and deposited materials melting point in 
Kelvin respectively, for evaporated films and the argon sputtering pressure for sputtered 
films. Both Craig et al '^^ ]^ and Messier et al^"^^ have shown that the observed film
structure is thickness dependent for sputtered films, while Grovenor et al^ "^^ ^^  have
investigated thin (1000 Â) and thick (9-14 jxm) metallic evaporated films indicating that the 
zone boundary's reduced temperature may increase for thinner films.
12
Thornton's structure zone model is shown in Figure 1 whilst Grovenor's model is shown in 
Figure 2. Thornton explained the structural classification of his model on the basis of 
thermal and ion induced mobility. For low reduced temperatures, T/T^^ < 0.5, and high 
sputtering pressures <30 mT of argon) the deposited material has low mobility and 
shadowing occurs leading to domed crystals separated by voids, which is designated as 
zone 1. At lower sputtering pressures zone 1 splits into two zones, zone 1 and zone T, due 
to ion induced mobility promoting a denser film structure. Above T/T^^ = 0.5 surface 
diffusion is possible, promoting a columnar grain structure which is denoted as zone 2, 
while above T /T ^  = 0.8 bulk diffusion is possible, leading to an equiaxed surface grain 
structure. Grovenor et al's^^^l model is similar to Thornton'sl^'^®! although 
Grovenor et al^ ^^ ^^  correlated the observed structural zones with the grain size distribution 
and explained the zones on the basis of grain boundary diffusion effects. Zone 1, 
0 < T /T ^  < 0.15, was identified as a three dimensional equiaxed fine grain structure 
formed by an athermal crystallisation process. Activation energies in this region, deduced 
from Arhenius plots, were typically [44,45] g 25 and were lower than any
possible thermally activated diffusion process. Zone T, 0.15 < T/T^^ < 0.3, was identified 
with the mobility of at most one grain boundary of a particular grain, leading to a bimodal 
grain size distribution. For 0.3 < T /T ^  < 0.5 all grain boundaries are mobile leading to a 
columnar grain structure where the grain diameter is less than the film thickness. Zone 2 
grain growth may be influenced by surface energy considerations leading to growth of 
grains with a low energy surface exposed. In zone 3, T /T ^  > 0.5, bulk diffusion is 
possible, leading to the formation of large grains whose diameters exceed the film thickness.
13
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Modelling of zone 2 microstructures has been performed by Mazor et al^"^^ and 
Srolovitz et al^ "^ ^^ . The models assume that the interior of the film is frozen during growth 
with growth occurring only at the surface of the film. If surface energy anisotropy is 
important, then, initially the grain diameter will vary linearly with the deposition time, 
which is equivalent to film thickness for a fixed deposition rate, until the surface is covered 
with grains of low energy. Once the surface is covered with grains of low energy grain 
boundary curvature determines grain growth and the grain diameter increases as the square 
root of the deposition time. Where surface anisotropy dominates there is a bimodal grain 
size distribution which becomes uniform once grain boundary curvature becomes the 
dominant factor '^ '^ '^'^^ .^ It has often been noted that grain size at the surface of a film is 
limited by the film thickness for both as deposited^^®'^^^ and annealed samples^^^^. 
Mullins^^^^ has explained this by grain boundaries becoming stuck in thermal grooves 
which are formed because of grain boundary curvature. In addition it has been seen that 
grain growth on annealing depends on whether or not a second phase is present in the 
annealed material '^^®^. Srolovitz et al^^^  ^ and Hillert^^®^ have modelled the effect of 
dispersed second phase particles. Srolovitz et al predict a limiting average grain size 
caused by the pinning of grain boundaries by second phase particles. Hillert also predicts a 
limiting average grain size and, in addition, the possibility of abnormal grain growth when 
certain criteria are met.
2.3 Thin Film Properties
This section is concerned with the relationship between thin film properties, film 
microstructure and deposition conditions, as shown in Figure 3, which illustrates the factors 
which contribute to the final film properties.
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Figure 3: The Relationship Between the Deposition Environment 
and Deposited Film Properties
An understanding of how these factors interact and determine the resultant film properties 
will lead to a better understanding of the deposition process, enabling improved control of 
the process and, ultimately, an ability to transfer a process between various deposition 
systems. Although there are many film properties which could be reviewed, the following 
sections will deal only with the deposited film's electromigration resistance, specular 
reflectivity and resistivity, as these are the film properties which have been studied here 
and were found to be those most relevant.
2.3.1 Electromigration Resistance
Electromigration is the term applied to the current induced mass transport of a material. In 
a metal with a direct current flowing through it, collisions of electrons with lattice ions lead 
to a transport of lattice ions from the negative, to the positive terminal. Transport of metal 
ions in itself does not lead to the failure of metal conductor lines, which only occurs as a 
result of mass accumulation and depletion. The electromigration resistance of interconnect
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materials has become of increasing importance as the use of increased current densities has 
led to an increased rate of electromigration and hence of device failure, due to 
electromigration damage. General introductions and reviews of the subject of 
electromigration in thin films are given by d'Heurle et al^^^  ^ and Schwarz^^^^. After a brief 
overview of measurement techniques and non-microstructural factors affecting 
electromigration, the present section will concentrate on the effects of thin film 
microstructure on the electromigration resistance of aluminium based conductor systems.
2.3.1.1 Electromigration Kinetics and Geometrical Factors
The basic equation used during electromigration studies was developed by Black^^^^. He 
related the median time to failure, tgg, of a conductor to its width, w, thickness, t, current 
density, J, and test temperature, T, Kelvin by:
wt/tgQ = AJ^ exp(-E^/kT) .... (1)
where k is Boltzmann's constant, A is a structure dependent constant and is the 
activation energy associated with the electromigration process, which is usually taken as the 
activation energy associated with grain boundary diffusion. Much discussion has taken 
place regarding the validity of this equation and the measurement technique associated with 
it, namely life testing. Black did not consider the statistical nature of the phenomenon of 
electromigration, with current crowding and self heating becoming important as voids 
develop. Sigsbee^^^ has shown that the current density dependence can vary from J to 
for a constant conductor temperature during testing, when current crowding and self 
heating are considered. If the conductor temperature is allowed to vary during testing, by 
controlling a heatsink temperature, the current density dependence can vary from to 
Considerable errors can arise when attempting to extrapolate data from accelerated test 
conditions to operating conditions, if the incorrect current density dependence or activation 
energy is used during the extrapolation.
Schreiber et al^^^^, Pasco et al^^^  ^ and Hummel et al^^^  ^ have all discussed the various
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techniques which may be used as alternatives to life testing when attempting to quantify 
electromigration damage; each from the viewpoint of an alternative measurement technique, 
drift velocity, tempera ture-ramp resistance and resistance measurement respectively. 
Pasco et al^ -^ ^^  have noted that measurement techniques, where significant damage to the 
conductor occurs, lead to activation energies and pre-exponential factors which are not 
characteristic of the specified test conditions, since they average the initial test conditions 
with the local conditions present prior to catastrophic failure. Specchiuilli et 
unsuccessfully attempted to correlate resistance measurements to lifetime measurements. At 
a constant temperature, resistance could remain constant or increase steadily prior to failure, 
although in both cases resistance spikes, corresponding to aggregation and vanishing of 
voids, were seen. Recently, other alternatives for electromigration resistance measurement, 
such as the accelerated breakdown energy^^®^ and noise measurement t e c h n i q u e s h a v e  
been investigated.
Both the conductors length and the presence of a passivating layer on top of the conducting 
layer can affect the electromigration resistance. Conductor length can affect electromigration 
for two reasons; firstly because the probability of a severe defect being contained in a 
conductor increases as the conductor length increases, which leads to a length dependence 
of the form^^® :^
tgQ a  exp(B/l) .... (2)
where tgQ is the median time to failure, 1 the conductors length and B a conductor width
dependent constant, and secondly because a back stress can oppose the electromigration
induced material flow, leading to a relationship between current density J and conductor 
length 1 of the form^^^^:
(J = c m  .... (3)
where the subscript "th" indicates a threshold value below which electromigration will be
suppressed and C is a function of temperature only, increasing as the temperature is
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reduced. The effect of a passivating film has been to increase the electromigration 
resistance of tested conductors^^^'^^”^ ^ . The most plausible explanation for this being a 
decrease in grain boundary diffusion caused by an increase in its activation energy
2.3.1.2 Structural Factors Affecting Electromigration
Table 3 indicates some results of the studies where the thin film structure was seen to be a 
factor in determining the electromigration performance, and which led to the development 
of the microstructural parameter of Vaidya et al^^^^, given as described in Table 3 by:
A = (s/<T^) logjQ
It is evident from these studies [24,28,29,53] ^^^t the electromigration behaviour of A1 alloy 
films depend on the films orientation, grain size and grain size distribution. It should be 
noted that the microstructural parameter of Vaidya et al^^^  ^ only takes into account 
divergences in flux caused by microstructural parameters, and not any change in the 
activation energy for electromigration which might occur with changes in grain boundary 
structure, and which would occur for films with differing orientations. Attardo et al^^^  ^
have discussed and modelled the effects of grain boundary mobility and grain size 
divergences on electromigration failure, showing the importance of grain size changes and 
crystallographic orientation in determining sites of flux divergence and thus electromigration 
failure.
Since the development of the microstructural parameter by Vaidya et al^^^ ,^ a number of 
investigations attempting to relate the electromigration performance of A1 alloys to the 
microstructural parameter, or one of its constituent terms, have taken place. 
Fischer et al^^^  ^ attempted to correlate median time to failure with the optical reflectivity, 
surface roughness, grain size, texture, defined as the ratio of the (111) to (200) X-ray 
diffraction peak intensities ( I i n / l 200 '^ residual resistivity and etch rate of annealed 
sputtered films of Al-1.2%-Si deposited under various partial pressures of contaminants. 
The results suggested that the film's residual resistivity was a good single parameter to
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Table 3: Studies Showing the Dependence of Electromigration Performance on the Deposited Film's Structure
Reference Film Structure/Test Result Conclusion
24 (1968) Si substrate covered over half its surface with 600 Â of 
thermal oxide.
Orientation (111) on Si mixed on 
oxide for a deposited A1 film. 
Grain size equal on Si and oxide.
Si - oxide step was a site of 
electromigration failure.
The change in film orientation from 
random to (111) provided a barrier to 
electrotransport.
53 (1969) Cold A1 evaporation (<1G0°C), 
grain size <1.2 pm.
Hot A1 evaporation (~400°C), 
grain size >8 pm.
Activation energy:
Hot evaporation 0.84 eV.
Cold evaporation 0.48 eV.
tso (hot) > tso (cold).
The increase in tso for large grain films 
was because of a reduction in grain 
boundaries.
28 (1970) A1 evaporation 200°C grain size 
1.2 pm mixed orientation.
A1 evaporation 500°C grain size 
7.8 pm (111) orientation.
Activation energy:
Small grain size 0.51 eV.
Large grain size 0.73 eV.
80% of failure at abrupt grain size changes.
The activation energy for electro transport 
is a function of the grain boundary structure.
Large grained equiaxed, ordered films are 
required for large tgo-
29 (1981) Al-0.5%-Cu, Al-2%-Si and 
Al-1 %-Si-0.25%-Cu deposited 
using evaporation and sputtering.
No activation energy 
measurement.
Grain size and film orientation 
measured.
Films annealed prior to 
measurements.
tso oc microstructural parameter (A).
A = (s/CT^)log,o(Ii„/l2oo)^
s = median grain size, 
a  = grain size standard deviation for a 
log-normal distribution.
Ixyz = X-ray diffraction intensity from 
(xyz) measured using an X-ray diffractometer.
20
monitor electromigration. No other single parameter was found to correlate with median 
time to failure. Merchant et al^^^^ found that (111) texture as opposed to (220) texture gave 
improved electromigration lifetimes; they were however unable to find (200) diffraction 
peaks in their annealed samples of Al-Cu or Al-Si-Cu and therefore could not calculate the 
microstructural parameter of Vaidya et al^^^^. Park et al^^^  ^ investigated the dependence of 
the time for 20% failure on film structure, for annealed and as-deposited sputtered A1 films. 
Annealing led to a reduction in the electromigration lifetimes, because of hillock formation, 
and a reduction in the orientation, as measured by the ratio of (111) to (200) diffraction 
peak intensities. The microstructural parameter of Vaidya et al^^^  ^ did correlate with 
electromigration lifetime for as-deposited or annealed films although not for both sets of 
films taken together. Bacci et al^ ^®^  have shown an improvement in the mean to energy 
failure of as-deposited Al-1%-Si films for strongly (111) oriented films; the application of 
negative bias during sputtering reducing the (111) to (200) ratio and the mean energy to 
failure. Queirolo et al^^^  ^ have also reported a change in the mean energy to failure for 
Al-1%-Si layers deposited in various partial pressures of gaseous contaminants. For each 
contaminating gas an increased mean energy to failure was associated with a high 
crystallographic ratio, defined as the ratio of (111) to (200) X-ray diffraction peak intensities. 
Differing mean energy to failures were obtained for equivalent crystallographic ratios 
obtained using different contaminating gaseous species; this was shown to be probably 
related to the distribution of diffracting planes away from the substrate normal as 
characterised by an X-ray diffraction rocking curve.
Besides the basic film structure, its relation to the size of the conductor linewidth needs to 
be taken into consideration. Increased median time to failure can occur when the grain size 
approaches the defined metal linewidth^^^^, because of the formation of a "bamboo 
structure", a chain of (111) A1 grains along the conductor's length. Both Kinsbron^^^l and 
Schrieber^^^^ have modelled this effect, which is based on the occurrence of a current 
density threshold for electromigration, as indicated by Blech^^^l If the line is assumed to 
be comprised of polycrystalline segments, separated by single crystal regions, the lifetime is 
determined by the difference between the largest polycrystalline segment and the threshold 
length.
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Since electromigration is largely a grain boundary diffusion phenomena, it is possible to 
alter the rate of electromigration by the deliberate addition of alloying components, which 
segregate to grain boundaries. Rosenberg^^^ has shown that solutes segregating to grain 
boundaries should cause an increase in the activation energy for electromigration, because 
solute-vacancy pairs need to be separated before diffusion can proceed. Learn^^^^ and 
Agarwala et al^ ^®^  have investigated Al-Si-Cu alloys, Onuki et al^^^^ Al-Si-Pd alloys and 
Towner et al^^^  ^ Al-Si-Ti alloys. For Al-Si-Cu, Al-Si-Pd and Al-Si-Ti alloys the
electromigration lifetime and activation energy depend on the alloy's composition and 
deposition and annealing conditions, which determine the size and location of second phase 
precipitates in the deposited film.
2.3.2 Specular Reflectivity
This section, which is concerned with the specular reflectivity of A1 alloy films, is split into 
three parts. Section 2.3.2.1 deals with the theoretical background to the reflection of light 
from smooth and rough metallic surfaces. This is followed by Section 2.3.Z.2 which deals 
with experimental investigations of the factors affecting the reflectivity of evaporated A1 
films, a number of which derive values for the surface roughness of the evaporated film 
using light scattering techniques. Section 2.3.2.3 deals with mainly empirical observations of 
the structure of sputtered A1 alloy films and its relation to deposition conditions and 
measured specular reflectivity.
2.3.2.1 Theoretical Development of Specular Reflectivity
The variation of specular reflectivity with wavelength for a smooth A1 surface is fairly 
simple^^^^. This is evident from the data of Hass et al^^^  ^ and Schultz^^^"^^^, which have 
been used to plot the variation of the specular reflectivity of A1 with wavelength from 
200 nm to 1000 nm, using Beer's equation^^^^ as shown in Figure 4. Apart from the region 
around 800 nm, where there is an interband transition in AI, the specular reflectivity is 
large and fairly uniform over this wavelength range and is not influenced by the native 
aluminium oxide layer^^^"®® .^
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Figure 4: The Variation of Specular Reflectivity with Wavelength 
for a Smooth Aluminium Surface
However, this behaviour is modified when the surface can no longer be considered smooth, 
which leads to energy being distributed away from the specular direction. Both 
Beckman et al^ -®^  ^ and Bennett et have considered the relation between specular
reflectivity and surface irregularities. Bennett et al^ ®^  ^ derived the following reaction for the 
specular reflectivity R, measured at near normal incidence:
.... (5)
where R^ is a factor to account for the reflecting surface's finite conductivity, a  is the rms 
surface roughness, A the incident wavelength, T a correlation distance and A(j) an 
instrumental acceptance angle. The derivation of this equation requires o/A «  and 
T/A »  1, as discussed by Beckman et al^^^l Terms such as (cr/A) and (T/A) are evident in 
Equation 5, indicating that the apparent surface roughness and correlation distance depend 
on the incident wavelength. For a sufficiently long wavelength the second term in 
Equation 5 becomes negligible and the specular reflectivity is then purely surface roughness
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dependent.
2.3 2.2 The Specular Reflectivity of Evaporated Films
Experimental investigations of evaporated Al films have indicated that a high deposition
rate^^^'^^'^^J, low chamber base pressure^^^"^^^, low deposition temperature^^^^ and a small 
vapour impingement angle^®^^, measured from the substrate normal, are required to give 
highly specular reflecting films. Verkerk et al^^^J used differential light scattering to 
characterise 0.6 pm thick Al films deposited between 20°C and 400°C at 0.25 n m /s  and
between 0.25 n m /s  and 5 n m /s  at 300°C. Values of a  and T, the rms surface roughness
and correlation distance respectively, were obtained from the light scattering spectra. Low 
deposition rates and high temperatures led to larger values of a. T increased with 
decreased deposition rate and showed a minimum at a deposition temperature of 200“C for 
a deposition rate of 0.25 nm /s. The correlation distance, T, was found to be correlated with 
the mean grain size. The surface roughness measured using a stylus instrument, gave good 
agreement with that obtained by light scattering, providing the stylus radius was small 
compared to the size of the surface features^^^l Verkerk et al^^^  ^ also investigated the 
evaporation of 0.5 pm  thick Al layers using various partial pressures of water. Total 
reflectance, calculated surface roughness and surface microstructure were compared. A 
faceted microstructure, with a calculated surface roughness of 20 nm, was seen below 
2 X 10 ® T. Between 2 x 10 ^ and 4 x 10“^  T a very rough surface composed of hillock like 
grains, caused by orientation dependent grain growth as oxide-hydroxide phases formed on 
certain crystal faces, developed with a maximum roughness of 100 nm. Above this a 
granular structure of Al grains covered by an oxide-hydroxide layer was formed. Total 
reflectance drops only slightly up to 4 x 10’^ T and rapidly as the partial pressure increases 
further, due to absorption by the granular structure. Little other work on evaporated films 
has attempted to quantify the specular reflectivity by surface roughness values, although it 
is common practice to quantify the surface roughness of optical c o m p o n e n t s b y  total 
integrated scattering measurements.
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2.3.2.S The Specular ReflecHvitv of Sputtered Films
Numerous deposition parameters have been investigated with regard to their effect on the 
specular reflectivity of Al alloy films. Table 4 summarises the results of several 
comprehensive studies assessing the effect of deposition chamber base pressure and residual 
gases^®'^®’®^ ,^ deposition temperature^^'^^^, deposition pressure^®'^®^, film thickness 
alloy composition^®^"^®^, target to substrate distance^^^ and the number of passes^®  ^ under 
the target during deposition on the deposited film's specular reflectivity.
McLeod et al^^  ^ found that too short a target to substrate distance led to poor reflectivity 
films, probably due to the interaction of the plasma with the substrate, although it should 
be noted that this is not usually a parameter which may be varied in most sputtering 
systems. By using multiple pass deposition the reflectivity was also raised over that 
obtained for a single pass, due to the substrate having time to cool prior to successive 
layers being deposited.
Both Hartsough et al^^^  ^ and Kamoshida et al^ ^®^  reported on the effect of film thickness on 
the deposited films specular reflectivity. Kamoshida et reported the effect for
Al-2%-Si films, while Hartsough et al^ ®^  ^ investigated a number of alloys, attributing the 
reduction in specular reflectivity with increased film thickness to the development of surface 
features as the film thickness increased. Tl\e surface features were identified as grain facets 
for Al and Al-4%-Cu, and both grain facets and hillocks for Al-Si alloys, leading to Al-Si 
alloys having a lower specular reflectivity. McLeod et al^^  ^ thought the effect was 
temperature related obtaining a smaller reduction in specular reflectivity if the film was in 
good thermal contact to a heat sink.
The effect of sputtering pressure is commented on by both McLeod et al^^ ,^ who found an 
optimum pressure for obtaining Al films of good specular reflectivity, and 
Kamoshida et al^ ^®^ , who investigated the joint effect of pressure and alloy composition. 
Kamoshida et al^ ^®^  found that increasing the sputtering pressure from 0.8 to 5.3 Pa led to 
a reduction in the specular reflectivity of Al-x%-Si alloys, where x = 0.5, 1 and 2 but not of
25
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Al or Al-Cu alloys deposited at room temperature. Total reflectivity, the sum of the diffuse 
and specular components, remained constant apart from the Al-2%-Si alloy where the total 
reflectivity decreased. The reason for this was that columnar crystallites separated by voids 
formed at high pressures, when silicon was present in the alloy, resulting In absorption of 
the incident light. This structure was formed because of a retardation of atomic diffusion 
on the substrate due to a reduction in the energy of the sputtered atoms and the influence 
of the silicon atoms, coupled with the effects of shadowing. By increasing the temperature 
during deposition, a more specular reflecting surface forms because of an increase in 
diffusion on the substrate, leading to the formation of a denser grain structure. In general, 
however, as reported by McLeod et al^ ®^ , increasing substrate temperature leads to a 
reduction in specular reflectivity, which was linked by Aronson et al^^^  ^ to an increased 
grain size in Al films. Inoue et al^ ^®^  noticed that, for Al-1%-Si films deposited onto 1 jim 
of PSG on silicon at a pressure of 5 mT of argon and a power of 7 kW, the specular 
reflectivity decreased as the temperature increased up to 400°C and then became similar to 
that obtained at low temperatures, as the temperature was increased further up to 565°C, at 
which temperature films up to 5 pm thick maintained a good specular reflectivity. Grain 
sizes of up to 20 pm were obtained at 565°C, whilst the change in behaviour was also 
accompanied by a uniform redistribution of silicon throughout the film.
The effects of residual gases on the properties of Al alloy films have been discussed by 
McLeod et al^ ®^ , Nowicki^^^^^ and Hartsough et al^ ®^ .^ Both Nowicki^^^^l and 
Hartsough et al^ ®^  ^ agree that poor base pressures lead to a reduction in the deposited 
film's specular reflectivity, Hartsough et al^^^  ^ attributed this to the high partial pressure of 
hydrogen present at poor base pressures. However both McLeod et al^ ®^  and Nowicki^^^^ 
have found little degradation of specular reflectivity when sputtering ' Al alloys with a 
background pressure of hydrogen of up to 10"^ T, or when using Ar-1%-H2 as the 
sputtering gas, respectively. Nowicki^^^^ could find no hydrogen in the deposited film 
using nuclear microanalysis, whilst McLeod et al^ ®^  attributed the lack ôf degradation of the 
specular reflectivity to the instability of aluminium hydride, leading to no interaction of the 
hydrogen with the growing film. McLeod et al^ ®^  and Nowicki^^^^ both ranked the residual
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gases in order of effectiveness in causing specular reflectivity reduction, Nowicki^^^^ giving 
the sequence as H^, O2 then N2, in order of increasing effectiveness, and McLeod et al^ ®^^ 
H2O, H2 and N 2. The decrease in specular reflectivity was attributed to the growth of 
hillocks by both McLeod et al^ ®^  and Nowicki^^®^. Nowicki^®^^ was unable to correlate the 
loss in specular reflectivity with impurity levels, for all cases studied, although for 
sputtering in A r-l%-02 Ar-1%-N2 mixtures O2 and N2 were detected in excess of one
atomic percent in the deposited film. However for a film deposited at a poor base pressure 
the only possible effect was that of a high sensitivity to carbon containing species. Grain 
size was approximately the same for films deposited in Ar, Ar-1%-H2, and A r-l%-02 with 
films deposited in Ar-1%-N2 having a smaller grain size.
Both Smithl^^^ and Reineck et al^^^  ^ have investigated the effects of dc bias on Al alloy 
reflectivity, while Aronson et al^^^^ and Smith et al^^^  ^ have reported on the combined 
effects of in-process heating and substrate bias on Al specular reflectivity. Smith^^^l found 
that above a dc bias voltage of -75 V the specular reflectivity of Al films, deposited onto 
silicon with a 1 pm  thick oxide layer, decreased sharply from >80% to <60% due to 
pronounced surface roughening taking place, although an increase in step coverage, which 
implied a greater atom mobility, was also reported. Reineck et al^^^  ^ found that little 
change in specular reflectivity took place for 1 pm thick Al-1%-Si films, deposited onto 
silicon covered with a 1 pm thick oxide layer, for bias voltages from 0 V to -100 V, 
although at a sputtering pressure of 7.5 mT of argon the reflectivity fell from 85% at 0 V 
bias to 75% at -300 V bias. However the decrease in specular reflectivity at a substrate bias 
voltage of -100 V was greater for a silicon substrate without any oxide layer, where the 
reflectivity fell to 40%, this effect being reduced as the sputtering pressure was increased. 
Bias produced a smaller grain size in the deposited films and a more uniform grain size 
distribution, although the surface was much rougher. Aronson et al^^^  ^ also commented on 
the rougher surface obtained for Al films deposited using substrate bias, which led to a loss 
of specular reflectivity. Smith et al^^^l were unable to correlate the deposited Al films grain 
size with its specular reflectivity. The application of bias resulted in rougher films which 
led to the loss of specular reflectivity. Both the grain size and specular reflectivity were a
29
complicated function of both deposition temperature and substrate bias voltage, although
Smith et al^^^  ^ thought some of the anomalies seen were attributable to surface
contamination problems resulting from vacuum degradation upon protracted specimen
heating.
2.3.3 Resistivity
This section consists of two parts, the first of which deals with theoretical considerations 
concerning the resistivity of metals, and in particular polycrystalline thin films, and the 
second which is concerned with reported values of the resistivity of evaporated and 
sputtered Al and Al alloy thin films. The resistivity of the deposited film will affect the 
time delay introduced by the patterned conductor when used as an interconnect for a 
microelectronic circuit, and is a property which can be easily monitored as a check on the 
properties on the deposited film. Sheet resistance measurements may also be used as a 
check on the variation of film properties for films of equivalent thickness or as a thickness 
monitor if a constant resistivity is assumed.
2.3.3.1 Theoretical Background
A brief introduction to electron transport in metals and alloys is given by Hummel^^^^, 
while Chopra^^®^ comprehensively reviews electron transport in metal films.
For a single crystal of a metal the conductivity (o) or resistivity (p = 1/cr) is determined by 
the number and properties of the electrons able to move in response to an applied electric 
field, as described by the classical electron theory. As the measurement temperature is 
reduced the resistivity decreases since scattering of the conduction electrons by lattice atoms 
decreases. The resistivity however does not reach zero at zero Kelvin because of scattering 
by impurities and defects within the crystal; the resistivity at zero Kelvin being termed the 
residual resistivity.
Metal films used for microelectronic applications are usually thin and polycrystalline. This
30
can lead to increased resistivity due to electronic scattering at grain boundaries and the film 
surface. By Matthiessen's rule the resistivity contributions to the total resistivity are 
additive and:
^fikn “  ^lattice ^surface ■*“ ^impurities/defects
where ^lattice' ^surface ^impurities/defects the resistivities associated with
lattice, surface and impurity/defect scattering. Lattice scattering is due to the thermal 
motion of lattice atoms and thus disappears at zero Kelvin leaving Pgurfece 
(^impurities/defects ^ ^ ^ h  make up the residual resistivity. Surface scattering becomes 
important when the film thickness is smaller than the electron mean free path in an 
equivalent bulk film and thus provides a geometrical limit on the electron mean free path, 
while im purity/defect scattering has been discussed previously. Since the lattice scattering 
and surface scattering, due to the variation of the electron mean free path, are temperature 
dependent, the relative contributions of each scattering mechanism to the total resistivity are 
also temperature dependent. Finally, N a g a n o g i v e s  the following expression for the 
resistivity of a metallic thin film, incorporating all the above arguments:
Pf = Pq (1 + zVLq/D + Z a  L^/d) .... (7)
where Pq is the resistivity inside a grain, D is the average grain diameter, d the film 
thickness, L^ the electron mean free path in the metal and Z* and Z and A* and A are the 
scattering centre densities and mean scattering cross-sections at grain boundaries and the 
surface respectively.
2.S.3.2 The Resistivity of Sputtered and Evaporated Films
The majority of investigations into the causes of the resistivity variation of evaporated and 
sputtered films have reported room temperature values of resistivity. The use of a 
resistivity ratio has, however, received some attention, and, by taking the ratio of the 
resistivity obtained at room temperature (293 K) to that obtained at a low temperature.
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usually that of liquid nitrogen (77 K) or helium (4.2 K), is able to give a more sensitive 
indication of residual resistivity effects^^®'^^^ due to their increased importance at low 
temperatures. Most work concerning Al and its alloys has centred on the effects of residual 
gas^^^'^®'^^^ or sputtering gas incorpora tionl^^^] into the deposited film, alloying 
components^^^'^^'^^'^^^ and the effect of annealing^^^'^^^ and structural factors^^^'^^'^^'^^jl.
Mayadas et al^^^  ^ used the resistivity ratio, P295 p^/P^ 2 K' to characterise evaporated Al 
films in the thickness range 1000 Â to 10000 Â. A change in film orientation with film 
thickness, from random to (111), was associated with a break in the resistivity ratio curve, 
which showed an increasing resistivity ratio for increased film thicknesses. The variation of 
the resistivity ratio with film thickness could only be modelled by assuming a decrease in 
the resistivity, after correction for thickness effects, with increased film thickness. This was 
attributed to increased grain size as the film thickness increased, leading to reduced grain 
boundary scattering. The break in the resistivity ratio was attributed to a change in grain 
boundary scattering with film orientation or possibly an increased bulk conductivity, 
because of impurity gettering by grain boundaries. Smith^^^^, similarly, could not rule out 
the influence of film orientation or defects on the increased sheet resistance of bias 
sputtered Al films of equivalent thicknesses. For Al films Fischer et al^^^  ^ have also 
correlated an increase in the residual resistivity with defects generated during 
electromigration.
Hartsough et al^^^^, Dirks et al^^^  ^ and Fischer et al^^^  ^ have all attributed changes in 
resistivity to the effect of alloying components. Hartsough et al^^^  ^ reported the resistivity 
of sputtered Al, Al-Si, Al-Cu, Al-Si-Cu and Al-Si-Mg films at room temperature. The 
resistivity of AI was 2.70 + 0.05 pOcm and the resistivity of the alloys were raised above 
this, the maximum of 2.9 + 0.1 jiDcm being obtained for both Al-Cu and Al-Si-Mg alloys. 
Dirks et al^^^^ reported the as-deposited and annealed room temperature resistivity of 
sputtered Al-x%-Ti and Al-x%-Ti-l%-Si alloys, where x = 0, 0.3, 0.6 and 0.8, and electron 
beam evaporated Al, Al-3.6%-Ti, Al-6.9%-Ti and Al-10.2%-Ti alloys. The as-deposited 
resistivity increased with increased Ti content, ranging from 3 jiQcm at 0%-Ti to 25 jjJQcm at
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10%-Ti, and dropped sharply after annealing, at 450°C in 90% N 2/ 10% H2 for thirty-five 
minutes, to around 5 pOcm for all Ti alloys. This behaviour was attributed to the 
as-deposited alloy being a metastable highly saturated solid solution with excess lattice 
defects, which became a two phase alloy comprising Al and AlgTi after annealing. In 
addition film grain size increased after annealing, while alloying components reduced the 
deposited film texture, although these effects were not correlated with resistivity changes. 
Fischer et al^^^  ^ while investigating the electromigration behaviour of Al and Al-4%-Cu 
alloy showed a decrease in residual resistivity prior to the increase typical of 
electromigration induced lattice defects. The decrease was attributed to CU2AI precipitation 
at grain boundaries and a reduction in lattice imperfections. Kamoshida et al^ ^®^  
investigated the variation of room temperature resistivity of sputtered Al-x%-Si alloys, 
where x = 0, 0.5, 1.0 and 2.0, as the sputtering pressure and deposition temperature were 
varied. The resistivity of Al, deposited without substrate heating was about 3 jiiQcm for 
sputtering pressures from 0.8 Pa (6 mT) to 5.3 Pa (40 mT), while that of Al-2%-Si varied 
from 5.5 pOcm to 18 jiOcm. The resistivity of Al-2%-Si films could be reduced by 
increasing the substrate temperature during deposition, a resistivity of 3.2 pQcm being 
achieved at 300“C. This behaviour was correlated with a voided low density structure seen 
at low substrate temperatures for Al-2%-Si, which became a denser columnar grain structure 
at high substrate temperatures. The initial low density structure occurring for high 
pressures was attributed to a reduction in the sputtered atom energy and the effect of the 
high silicon content on atom mobility on the substrate.
Data on the variation of Al alloy resistivity with residual gases present during deposition is 
given in Table 5. d'Heurle et al^^^  ^ used the resistivity ratio, P3QQ K' ^ measure
of the purity of evaporated Al films. An increased deposition temperature resulted in films 
of greater purity, and was linked to a reduction in the sticking coefficients of residual gases 
at higher temperatures. Water vapour was reported to have little effect on the resistivity, 
while oxygen caused an increase in the resistivity from 3.0 pDcm, when present at a partial 
pressure below 10“^  T, to 5 jiOcm at 10"^ T, above which the resistivity increased sharply. 
The data of Verkerk et al^^^  ^ indicated that water vapour does effect the evaporated films
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resistivity when present above a partial pressure of 2 x 10"^ T, although the effect is 
reduced as the deposition rate is increased. An increase in deposition rate from 0.5 nm /s 
to 1.5 n m /s  reduces the resistivity, for a water partial pressure of 7.5 x 10~  ^ T, from 
100 jLiQcm to 6 pAcm. This may go someway to reconciling the lack of resistivity change 
reported by d'Heurle et who used a deposition rate of 2 nm /s. Verkerk et al^^^^
also looked at the effect of oxygen partial pressure during evaporation on the resistivity of 
Al films. The resistivity increased from 3.2 piîcm  below an oxygen partial pressure 
7.5 X 10"® T to 10 pS2cm at 7.5 x 10"^ T, for a deposition rate of 0.5 nm /s. The change in 
resistivity occurred at a lower partial pressure than for water vapour^^^^, but also caused a 
smaller increase than an equivalent partial pressure of water vapour^^^^, as the partial 
pressure was increased further. The results are not too dissimilar from those of 
d'Heurle et al^ ^®^  for oxygen, although d'Heurle et al used a deposition rate of 2 nm /s. 
For sputtered Al-1.2%-Si films Fischer et al^ ®^  ^ reports that water vapour caused a larger 
increase in the residual resistivity than oxygen when present above 10"^ T using an average 
deposition rate of 100 nm /m in. Nowicki^®®  ^ reports values of resistivity obtained at base 
pressures of 7 x 10"^ T and 2 x 10“^  T and after using Ar-1%-H2, A r-l%-02 and Ar-1%-N2 
as sputtering gases. The resistivity increased at high base pressures and when sputtering in 
argon gas mixtures, with nitrogen followed by oxygen and finally hydrogen being most 
effective in causing an increase in resistivity, although the highest resistivity observed was 
only 6.58 |xQcm. The data for Ar-1%-N2 i^ot too dissimilar to that obtained by 
Hartsough et al^ ®^  ^ for an equivalent partial pressure of nitrogen (4 x 10“^  T), where the 
resistivity was increased by a factor of 1.7 when compared to the bulk.
Smith^^^^ has postulated that a sheet resistance increase seen by him during the sputtering 
of 1 pm thick Al films, as the substrate bias voltage was increased, could have been 
partially due to argon sputtering gas incorporation into the film. However 
Reineck et al^ -^ ^^  have reported little change of resistivity with bias voltage, the resistivity 
remaining between 2.88 pQcm and 2.94 jiQcm for all sputtered Al-1%-Si films investigated. 
For both rf and dc induced substrate bias, applied during sputtering of Al, Cuomo et al^^^  ^
have found that the resistivity changes with the substrate bias voltage. At low bias
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voltages, weakly absorbed gases are resputtered leading to a reduction in the resistivity. 
Further increases in bias voltage produced a slight resistivity increase, which was thought to 
be because the resputtering of Al compared to impurity phases became significant, leading 
to an increased impurity concentration in the deposited film.
2.3.4 Summary
The literature survey has presented information concerning the structure and properties of 
aluminium and aluminium alloy films.
Aluminium films tend to be oriented with their (111) planes parallel to the substrate 
surface. The strength of this orientation, which can be quantified using the ratio of the 
(111) to (200) X-ray diffraction intensities^^^'®^'®^'®^”®^ ®^®^, is dependent on the deposition 
environment. For sputtered films the deposition temperature^^^'®^'®'^^, residual gas 
pressure^®®'®^^, substrate bias voltage^®^"®® ,^ target type^® '^®^  ^ and annealing conditions^®^^ 
have been shown to be important. In addition to these factors, the substrate 
substrate orientation^^®'^^^, surface preparation^^^^, film thickness^^^'^®^ and deposition 
rate^^^^ have been shown to influence the orientation of evaporated aluminium films. 
Information regarding the effect of substrate type and film thickness is however lacking for 
sputtered aluminium films, where these factors tend to be kept constant during 
investigations of film orientation.
There are a number of models of grain growth which are able to predict the grain size and 
orientation of a single component system as the film thickness varies '^ '^ '^^® .^ The effect of 
second phase particles on grain growth has, however, been restricted to the consideration of 
the annealing behaviour of deposited films^^ '^®® .^
The properties of the deposited film have been shown to depend on its structure. The 
electromigration resistance depends on the grain size, grain size distribution and orientation 
of the deposited film^^^^. Specular reflectivity has been shown theoretically to depend on 
the film's optical constants, surface roughness and grain size^® '^®^ ,^ the contributions of each
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being wavelength dependent. Experimentally the specular reflectivity of sputtered films has 
been shown to depend on the presence of residual gases^ ®'®®'®^ ,^ the deposition 
temperature^®'^®^, sputtering pressure^®'^^^, film thickness^®'®^'^^^, alloy composition^® '^^*^^ 
and the number of revolutions past the deposition target^® .^ There has been no 
quantification of the relationship between the structure and specular reflectivity of sputtered 
aluminium alloy films, although it has been considered to a limited degree for evaporated 
ones^®®l Information regarding the effect of substrate type on specular reflectivity has also 
received little consideration. The resistivity of the deposited film depends on both the 
lattice and residual resistivity. The residual resistivity being due to defects such as 
impurities, grain boundaries and surfaces^^®'^"^ .^ The resistivity of sputtered films has been 
shown to depend on the alloy composition^®^'^®'^®'^^^, annealing conditions^^®'^^^, residual 
gas incorporation^® '^®®'®^^ and substrate bias^ ^®^ !. The use of a resistivity ratio, the ratio of 
the resistivity at 298 K to that at 77 K  or 4.2 K, gives a greater sensitivity to residual 
resistivity effects, and has been used to characterise evaporated aluminium films^^®'^® .^
Finally, the variation of film structure and properties in a batch deposition system has 
received little attention. The usual method of reporting results being to consider a single 
substrate position, considered to be remote from the target during the initial period of 
deposition^®®'®® .^
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CHAPTER 3 
EXPERIMENTAL TECHNIQUES
3.1 Introduction
This section deals with the experimental techniques involved in the deposition and 
characterisation of Al-1%-Si films. The deposition of Al-1%-Si films was carried out using 
two similar dc magnetron sputtering systems for which sample cleaning techniques differed, 
and subsequently each will be described separately in Section 3.2. The photolithographic 
process used during the investigation of the effect of the properties of the deposited 
Al-1%-Si film on the metal to contact opening photolithographic process, is described in 
Section 3.3. Section 3.4 contains a description of the structural characterisation techniques 
used to characterise the deposited Al-1%-Si layer, namely, scanning electron microscopy and 
X-ray diffraction, using an X-ray diffractometer. The optical characterisation of the 
deposited films by specular reflectivity measurement is described in Section 3.5. Finally 
Section 3.6 contains details of sheet resistance and resistivity determination for the electrical 
characterisation of the deposited films.
3.2 Sample Deposition
The deposition of Al-1%-Si layers took place at two locations. Philips Components 
Southampton and Philips Components Hazel Grove, using commercial dc magnetron 
sputtering systems which were in use for the production of Metal Oxide Semiconductor 
(MGS) integrated circuits and power MGS devices at each location respectively. The 
circumstances surrounding the depositions led to the main investigation of batch mode 
deposition being carried out on an Electrotech MS6200 dc magnetron sputterer, at Philips 
Components Hazel Grove, and that of continuous mode deposition on an Electrotech 
MS5200 dc magnetron sputterer, at Philips Components Southampton. In addition, a less 
extensive investigation of batch mode deposition also took place at Philips Components 
Southampton. The sample cleaning techniques used at each location, prior to deposition
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using each sputtering system, differed slightly and will be described in the section dealing 
with the relevant system. The deposition of Al-1%-Si films using the Electro tech MS6200 in 
batch mode will be described initially (Section 3.2.2) to be followed by a description of 
deposition using the Electrotech MS52(X) in continuous mode (Section 3.2.3.1), then a brief 
discussion of batch mode deposition using the Electrotech MS5200 (Section 3.2.3.2) 
highlighting the differences between it and the Electro tech MS6200. However prior to this 
there will be a brief introduction to sputter deposition and the effects that various process 
parameters have on the sputtered atoms (Section 3.2.1).
3.2.1 Introduction to Sputter Deposition
Comprehensive introductions to the deposition of thin films by sputtering are given by 
Chopra^^®^, Bunshah^-^® ,^ Vossen et al^^^  ^ and Maissel et al^^®®l Figure 5 shows a highly 
schematic diagram of a sputtering system taken from Bunshah^^®^. The basic components 
of a sputtering system are a vacuum system, power supply, target of the material to be 
deposited, sputtering gas supply and substrate holder. By applying a negative dc voltage 
to the target in the presence of an inert gas (Argon) a plasma is formed in front of the 
target. Argon ions from the plasma are accelerated towards the target and cause target 
atoms to be ejected by a momentum transfer process, likened to that occurring between 
billiard balls but at an atomic level. Sputtered atoms then travel through the plasma to a 
substrate located in front of the target. The plasma is sustained by secondary electrons 
emitted from the target during sputtering which cause further ionisation of the sputtering 
gas. To prevent unwanted atoms sticking to the film, as it is deposited, the target and 
substrate are contained in a vacuum chamber. In order to increase the efficiency of the 
ionisation process, and therefore increase the sputtering rate, the secondary electrons emitted 
from the target may be trapped at the target by a magnetic field, as shown in Figure 6, 
which shows a circular planar magnetron target. This enables the sputtering process to take 
place at lower pressures, lower voltages and with higher deposition rates, making it the 
preferred mode of deposition for Al alloy films.
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Figure 5: Schematic Representation of a Sputtering System 
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Figure 6: Schematic Representation of a Planar Magnetron Sputtering 
Target Taken from Vossen et al (Reference 99)
4.
In a commercial magnetron sputtering system control over the deposition temperature, 
power, gas pressure and throughput are usually provided, although the gas pressure and 
throughput are usually limited because of the fixed geometry of the deposition chamber and 
vacuum system considerations respectively. The maximum deposition power can be limited 
by the output of the power supply, but more often it is limited by target cooling 
considerations, while the deposition temperature is usually limited because of degradation of 
the integrity of vacuum seals at high temperatures. The substrate table is usually left to 
float electrically to avoid problems with field non-uniformities which may develop if the 
substrate and substrate table are at different potentials, although either dc or rf induced 
substrate voltage bias may be applied in more complex systems. The substrate table may 
vary from one that is able to hold one substrate which is stationary during deposition to 
one that is able to hold several substrates which move under a target, or series of targets in 
a linear or rotary movement during deposition, in which case control of the number of 
translations or rotations of the substrate under the target during deposition is possible.
Changes in the deposition parameters can alter conditions at the substrate directly or may 
alter the sputtering process in such a way to cause the substrate conditions to alter. An 
example of this effect is provided by the substrate's temperature, which is affected by the 
direct application of heat and also by changes in the energy and arrival rate of sputtered 
atoms and argon ions from the sputtering plasma^^^^^.
3.2.2 Batch Mode Deposition Using the Electrotech MS6200
Al-1%-Si films were deposited onto either 100 mm diameter (100) silicon substrates, which 
are commonly used as a deposition monitor substrate because of their availability and the 
standard nature of their surface, or (100) silicon substrates covered with a 1.0 + 0.1 pm 
thick Low Pressure Chemical Vapour Deposition (LPCVD) oxide, known as LOPOX, which 
is used as an isolation layer over which the metallisation layer is deposited during device 
fabrication. Both types of substrate were subjected to the standard pre-metallisation 
cleaning process used during device processing to mimic as closely as possible the substrate 
characteristics during device fabrication. The process comprised of the following sequence
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of operations:
(1) Etch using H2SO4 (98%)/H202 (30%)
(2) Rinse using Deionised Water
(3) Etch using 1% HF
(4) Rinse using Deionised Water
(5) Etch using NH4OH (35%)
(6) Rinse using Deionised Water
(7) Etch using HCl (36%)/H202 (30%)
(8) Rinse using Deionised Water
designed to remove organic and inorganic contaminants affecting device yield, and to 
remove silicon dioxide left in contact windows etched in the LOPOX layer, to enable the 
deposited AI-l%-Si layer to form reliable contacts to the underlying doped silicon layers.
The Electrotech MS6200 dc magnetron sputtering system is described by Keeble et al^^^^^. 
The system, shown schematically in Figure 7, was a load locked system, which could 
accommodate eight 100 mm diameter substrates on an electrically floating substrate table 
inside the main deposition chamber. The deposition chamber was divided into five sections 
separated by shields, and could be configured, according to deposition requirements, to 
contain up  to three sputtering targets and one radiant heater. There was no provision of 
target shutters, which would enable pre-sputtering of the targets prior to deposition onto 
substrates, and allow both impurities to be sputtered from the target's surface onto the 
shutters and an altered layer to form^^^^^'^^^l The system had a transfer chamber in which 
sputter etching of substrates could be performed prior to deposition, although this facility 
was not used here, so that the transfer chamber acted solely as additional isolation of the 
deposition chamber from the external environment. The deposition chamber was 
configured, as shown in Figure 8, containing a radiant heating stage and two 99.999% pure 
Al-1%-Si sputtering targets. The target purity was based on the total metallic impurity 
level, with the total metallic impurity level being less than 10 ppm by weight. No metallic 
impurity could be present above 5 ppm, with Na, K and Li specified at below 1 ppm.
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Figure 7: Schematic Diagram of the Electrotech MS6200 
Taken From Keeble et al (Reference 102)
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Figure 8: Schematic Diagram of the Deposition Chamber Used 
During Batch Mode Deposition on the Electrotech MS620Q
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Non-metallic impurities were specified as oxygen <20 ppm  and nitrogen <10 ppm. The
silicon content was specified at 1.0 + 0.1 weight %. The system had a base pressure of
<5 X 10'® T, sputtering pressure range of 1 to 20 mT with a fixed target to substrate 
distance of five centimetres, and argon throughput of 1 Tls"^, was capable of operating in 
the 55°C to 300°C temperature range and had independent 10 kW dc supplies.
When a batch mode programme was invoked the following sequence of events, as shown in 
Figure 9 by the flow diagram, took place. The chamber base pressure was first checked 
using an ionisation gauge, if this was below 2 x 10"^ T then the in-process radiant heater 
was switched on until the pre-set process temperature was achieved. The heater was 
controlled by a feedback signal from a thermocouple located in a block midway between 
the radiant heater and first target. This was not a direct measure of the substrate
temperature and could not provide substrate temperature unifoimity^^®^^ information
although it could provide a degree of reproducibility. When the temperature was stable at 
its pre-set temperature, 99.999% pure argon gas was admitted to the chamber via a mass 
flow controller until the sputtering pressure, set at 5 mT, and indicated by a baratron 
gauge, was stable. The argon was specified as having a total impurity content of less than 
20 vpm, with the maximum individual impurity levels specified as 4 vpm for oxygen, 
15 vpm for nitrogen, 1 vpm for hydrogen and 1 vpm for hydrocarbons. The system then 
requested that a batch of substrates be loaded. Substrates were then taken one at a time 
from the input cassette and transferred into the load lock. The load lock was pumped to 
below 100 mT, as indicated by a pirani gauge, using a mechanical pump before the load 
lock to transfer chamber door opened and the substrate was transferred to the transfer 
station. The load lock to transfer station door then closed and the load lock was vented to 
allow another substrate to be loaded. The substrate was transferred to the main chamber 
after the transfer chamber had achieved a pressure of less than 1 x 10"^ T, as measured on 
an ionisation gauge. The transfer arm first unloaded any substrate present on the unload 
position of the chamber substrate table, the table then rotated leaving an empty position 
onto which the new substrate was loaded. The process was repeated until a batch of eight 
substrates were loaded. Once the chamber contained a batch of substrates, the argon 
sputtering gas was switched off and the chamber was pumped, using a cryopump, to its
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Figure 9: Batch Mode Program Flow Chart for the Electrotech MS6200 
dc Magnetron Sputtering System
specified pressure set point of 2 x 10"' T. Once this was achieved the argon sputtering gas 
was readmitted and stabilised. The substrate table then rotated at the pre-programmed rate 
until it reached a set position, at which time power was applied to the targets. The set 
position is indicated in Figure 8, where a reference position between positions one and eight 
is indicated by a "T". When the "T" was under the radiant heater, the targets switched on. 
Position one contained the first substrate to be loaded into the chamber. When the process 
was complete, the targets were switched off when the substrate table reached its reference 
position, and the processed batch was unloaded, while a new batch was loaded. Processing 
continued until the last batch was processed, when the machine was shutdown and all the 
processed substrates were removed, the sputtering gas was switched off and the chamber 
pumped to below its set point of 2 x 10"^ T, after which the radiant heater was switched 
off, leaving the machine in idle mode. For short interruptions to processing, the process 
parameters, namely, temperature and pressure could be maintained by putting the machine 
into standby mode.
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The required metallisation thickness was achieved by choosing a suitable combination of 
deposition power and time for the process pressure, which was fixed at 5 mT. The 
machine was programmed with a tooling factor, which is the deposition rate per kW of 
applied power (Âmin"^ kW"^), which was automatically updated during the lifetime of the 
target to compensate for target erosion, which lowers the deposition rate for fixed process 
conditions. Thus, by choosing either the deposition power or time, the other was 
automatically set. There was independent control over the number of rotations used during 
the process, provided that each rotation was an integer number of seconds. Each substrate 
began the deposition process from a different position in the chamber and, because the 
system did not contain shutters, some substrates were below targets during target power up 
whilst others moved under the targets later on in the process.
3.2.3 Deposition Using the Electrotech MS5200
The Electrotech MS5200 system was similar to the MS6200 system described in Section 3.2.2. 
The system is shown schematically in Figure 10 where it can be seen that there was no 
transfer chamber. The deposition chamber was configured as before with a radiant 
pre-heater and two 99.999% pure Al-1%-Si targets, although the chamber was able to 
accommodate fourteen 100 mm diameter substrates. The system specification was as for the 
Electrotech MS6200 except that the power supplies were rated at 6 kW maximum output.
The substrates used during the investigation involving the Electrotech MS5200 were 100 mm 
diameter (100) silicon substrates or (100) silicon substrates with either a 500 Â, 1000 Â or 
5000 Â thick thermal oxide layer. Silicon and oxidised silicon substrates were cleaned prior 
to deposition using an H2SO4/H 2O2 solution which was followed by a deionised water 
rinse. In addition the silicon substrates received a 20:1 buffered HF etch followed by a 
deionised water rinse. These substrates were chosen since both were used as deposition 
process monitors. All product substrates processed during the investigation received the 
cleaning process described for silicon above and had a 1.0 + 0.1 pm LOPOX surface layer, 
into which contact openings to doped silicon had been etched.
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Figure 10: Schematic Diagram of the Electrotech MS5200 
Taken from Manufacturer's Leaflet
3.2.3.1 Continuous Mode Deposition
After invoking a continuous mode program, the machine began an automatic process 
sequence shown in the flow chart of Figure 11.
The chamber base pressure was first checked using an ionisation gauge. If this was below 
a set point of 1 x 10'^ T processing continued, otherwise an error message appeared. The 
in-process radiant heater was then switched on and 99.999% pure argon sputtering gas was 
admitted to the chamber. The in-process heater was controlled by a thermocouple located 
in a block placed midway between the radiant heater and first sputtering target, and power 
to the heater was automatically varied to achieve a pre set temperature, measured by the 
thermocouple. Gas pressure was measured on a Baratron gauge and was controlled via a 
feedback system to a variable gas inlet valve. When both gas pressure and temperature 
were constant, within pre-defined limits, the system requested that dummy substrates were 
loaded. When a substrate was loaded into the system it entered via the load lock. The
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Figure 11: Continuous Mode Program Flow Chart for the Electrotech MS52Q0 dc Magnetron Sputtering System
load lock was pumped to below a set point of 5 x 10"  ^ T after which the load lock to 
chamber door opened and the substrate was transferred into the chamber. To compensate 
for the extra volume and pumping speed, when the load lock was open to the chamber, 
extra gas was admitted via a bleed valve during this process to keep the sputtering gas 
pressure constant. The load lock was then sealed from the chamber and vented with argon 
allowing another substrate to be loaded. The substrate table rotated one position prior to 
the next substrate being loaded. When eleven substrates had been loaded the targets were 
switched on. The loading of the dummy substrates ensured that no transient state was seen 
by any product substrates and that all substrates after the dummy substrates experienced 
identical deposition conditions. This was therefore equivalent to performing target 
pre-sputtering in a deposition system with target shutters. It was usual practice during 
device processing to process one cassette of twenty-five dummy substrates prior to 
processing device substrates. In addition, a monitor substrate was placed in the last
dummy substrate position allowing film properties to be routinely monitored. When the 
chamber had substrates on all substrate table positions, a substrate was unloaded prior to
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the loading of a new substrate during the same pump-down of the load lock. Each 
substrate followed the same path through the system passing under the radiant heater 
followed by target one and target two, prior to being unloaded. Processing continued until 
no more substrates were to be processed. When the last substrate to be processed had 
entered the system, the machine was put into shut-down, fourteen dummy substrates were 
loaded into the system after which the targets were shut-down. The dummy substrates 
were then unloaded. Once all the substrates had been unloaded, the argon sputtering gas 
was switched off and the system was pumped to below its set point. When the set point 
of 1 X 10**^  T was reached the in-process heater was switched off and the machine was put 
into idle mode waiting for new substrates to process.
To obtain the desired film thickness during processing, the deposition time and process 
power must be set for a given pressure. The machine was programmed with a "tooling 
factor" giving a value of deposition rate per kW of applied power (Â kW"^ minute"^). 
Thus for a chosen process time the deposition power was automatically set or vice-versa. 
The tooling factor was updated automatically during the life of a target, at 50 kW hour 
intervals, to allow for target erosion which leads to a reduced deposition rate for a given 
set of process conditions. Therefore, at 50 kW hour intervals either the process power or 
process time needed to be altered if the film thickness was to remain constant. The 
minimum process time of six minutes and thirty seconds was set by the load lock delay, 
which in turn was set by the minimum time a substrate could be loaded from the input 
cassette into the chamber, whilst ensuring reliable substrate handling. Maximum power was 
set by power supply limitations. Initially the process time was set to a minimum and the 
process power calculated (-3.3 kW for a 1.1 p.m film). Power was then increased to account 
for target erosion up to a pre-set limit (3.6 kW - 4.0 kW), after which process time was 
altered.
3.23.2 Batch Mode Deposition
In batch mode, the loading of substrates took place as described in Section 3.2.3.1 using 
identical set points.
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The deposition then followed the flow chart for batch mode deposition on the Electrotech 
MS6200, shown in Figure 9, with the exception that the base pressure was specified as 
<1 X 10“^  T and that fourteen substrates were loaded into the deposition chamber. 
Deposition commenced when the "T", which was located between substrates one and 
fourteen, was located under the radiant heater.
3.3 Photolithographic Processing
The route taken by a batch of substrates through metal photolithography is shown in 
Figure 12. The process sequence shows a number of heat treatments during processing, 
which was based on the use of a single layer of positive resist. Alignment and exposure of 
resist coated substrates was performed using a Perkin-Elmer Micralign 300 HT 1:1 projection 
alignment system. The system used a mercury lamp for both alignment and exposure, 
although alignment was carried out primarily using light at wavelengths of 546 nm and 
578 nm while exposure occurred at wavelengths of 405 nm  and 436 nm (Figure 13). The 
alignment of the metallisation layer to contact openings in the previous LPCVD oxide 
(LOPOX) layer took place using two alignment targets on the substrate and mask, which 
were aligned using a dark field technique. Beriy et al^ ^^®  ^ describe the method which was 
used to align the mask and substrate using the Perkin-Elmer system. The mask target 
remained stationary and the substrate target was moved until the mask target was centred 
inside the substrate target for both the alignment targets (Figure 14). The targets were 
detected, using a dark field technique, by scanning a circular beam of light over the 
alignment field, where light which was scattered from the target was detected by a videcon 
image tube (Figure 15). The video signal was analysed by the automatic alignment circuitry 
which identified the detected points, joined the points satisfying continuity criteria into 
segments, and then joined the segments into lines. The centre of the mask and substrate 
targets were then calculated using an algorithm along with the substrate stage movement to 
cause the centres to be coincident. Once the x, y and 0  stage movements had taken place, 
the process was repeated until the centres were coincident within pre-defined limits. Control 
over two main factors was possible: the number of integrations, or scans that the videcon 
integrates before target data is generated, as well as the detection threshold limit of the
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videcon system. The number of integrations was set at one, with the threshold level being
adjusted to give the best image quality on the videcon tube. The threshold level was set by
altering a potentiometer and was measured in terms of turns on the potentiometer. The 
threshold affects both background clutter from non-target features and target distortion. Too 
high a threshold can lead to loss of alignment target data, while too low a value can lead 
to data being generated away from the target areas by other film surface features. The 
alignment accuracy was measured using verniers present on the product substrates in the 
scribe channels. Alignment accuracy was calculated by taking the average vector sum of 
the X  and y errors and computing their modulus, thus:
Z = V((x)^ + (yp-) .... (8)
where Z is the alignment error and x and y are the average vector sum of the x and y
errors respectively.
All substrates were processed through the photoresist development process using identical 
conditions. The photoresist linewidth was measured on test structures present in the scribe 
channels using a video linewidth system. Post-etch critical dimension size was similarly 
measured. In both cases only measurements on lines showing no photolithographic or 
etching related defects were used in calculating critical dimension size.
3.4 Film Structure Measurement
This section describes the two techniques used for the structural characterisation of 
deposited Al-1%-Si films, namely scanning electron microscopy (SEM) and X-ray diffraction 
using an X-ray diffractometer. The structure of the deposited film consists of a 
description of its grain size, grain size distribution and the orientation of grains relative to 
the substrate surface. SEM is able to provide information regarding the surface grain size 
and grain size distribution of thin films and, if the film is sufficiently thick^^^^, the grain 
structure perpendicular to the substrate surface. X-ray diffractometry is able to provide 
information regarding grain orientation, averaging the result over the volume defined by the
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area and penetration depth of the incident radiation although, in the present case, it was 
only possible to obtain information regarding film orientation parallel to the substrate 
surface due to the lack of the facility to tilt and rotate the sample. Transmission Electron 
Microscopy (TEM)^^^^ can give a more complete description of the film structure but the 
small analysis area along with the lengthy sample preparation time makes the simplicity 
and speed of the combined SEM and X-ray diffractometer measurements very attractive for 
structural characterisation. This is particularly so for applications where a rapid 
measurement of film structure, to deduce the film's structurally dependent operational 
characteristics, is required.
3.4.1 The X-Ray Diffractometer
The X-ray diffractometer is one of the many X-ray techniques able to investigate film 
structuret^^^'^^^l Its main advantage over photographic techniques is in the quantitative 
nature of the results obtained.
The basic geometry of an X-ray diffractometer is shown in Figure 16. X-rays from a fixed 
source pass through collomating slits prior to striking the sample at an angle ©. The 
sample is placed at the centre of the diffractometer circle, enabling diffracted rays to be 
focused onto an electronic pulse counting detector. The sample is rotated about the z-axis 
at a rate of © degrees per minute in order to scan diffracting angles in the range from 
© = 0° to © = 90°. Because the sample acts as an optical lever, the detector must rotate at 
a rate of 2© degrees per minute to maintain the Bragg condition in order to detect X-rays 
diffracted at an angle ©. From the Bragg equation:
nX = 2dsin© .... (9)
where n is a positive integer, X the incident X-ray wavelength and d the diffracting plane's 
spacing, the Bragg angle for diffraction, ©, can be obtained. For Cu K radiation (1.5418 Â 
mean wavelength) the angles corresponding to plane spacings in aluminium^^^^^ are given
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Figure 16; Schematic Diagram of an X-Ray Diffractometer
in Table 6. A diagram of the crystal structure of the face centred cubic aluminium lattice 
showing the diffracting planes is given in Figure 17. When the diffractometer satisfies these 
angular conditions, a diffracted ray will be detected if there are planes of the required 
spacing parallel to the substrate surface. The integrated intensity of the peak will be 
proportional to the volume of diffracting material at a particular angle ©.
An example of the output obtained from an X-ray diffractometer is shown in Figure 18. It 
consists of a chart recorder output of peak intensity in counts per second against twice the 
diffraction angle, 20 degrees. The peaks have a finite width for a number of reasons. 
Cancellation of scattered X-rays for a perfect system will occur over a finite range of angle 
0 [1O9]^  which can be increased by instrumental c o n s i d e r a t i o n s ^ ^ s a m p l e  grain 
and microstress^^^^'^^^^. More advanced equipment has facilities for 
sample rotation and tilt, enabling the angular distribution of diffracting planes in the 
specimen to be established^^^®'^^^^ and a pole figure to be determined. In order to avoid 
errors due to pulse pile up at the detector, the collomating slit width and detector time
56
Table 6: Allowed Diffraction Lines for Aluminium
Plane AllowedDiffraction
Line
20   ^
Degrees PlaneSpacing RelativePowder
Intensity
(100) NO - - -
(110) NO - - -
(111) YES 38.50 2.338 100
(200) YES 44.62 2.024 47
(210) NO - - -
(211) NO - - -
(220) YES 65.14 1.431 22
(300),(311) NO - - -
(310) NO - - -
(311) YES 78.20 1.221 24
(222) YES 82.44 1.690 7
calculated for Cu radiation
(200 ) (220 ) ( 1 1 1 )
Figure 17: Crystal Planes of a Face Centred Cubic Lattice
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Figure 18: X-Ray Diffractometer Trace for an A1 Film on Si
constant must be carefully chosen for a given scanning rate. Too long a time constant will 
lead to a loss in the number of pulses detected. Too short a time constant will give a 
noisier signal which will be problematic at low count rates. In addition the chart recorder 
speed should be properly set to avoid trace distortion. The error in a given count rate is 
determined by Poisson statistics with the most probable error, dN, being the error such that 
there is a 50% chance of the reading being in the range N + dN, given by^^®^ :^
dN = 0.67N/(2Nx)^/2 .... (10)
where N is the count rate (counts per second) and x is the counter time constant in 
seconds.
3.4.2 Measurement of Film Orientation
Whatever measure of film structure is used, it will average the quantities involved in its 
measurement over the volume of material irradiated, with greater weighting given to
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material closer to the surface. This is due to the absorption of X-rays by the sample during 
measurement, with resulting loss of i n t e n s i t y . Using the equation^^^^^:
G„ = 1 - exp(-2)iix/sin0 ) (11)
where is the fraction of the total diffracted intensity from a surface layer x centimetres 
deep from an infinitely thick sample, 0  is the diffraction angle in degrees and p the linear 
absorption coefficient for aluminium, taken as 135.621 cm"^ for Cu K radiationi-^®^^, the 
depth over which 99% of incident radiation would come from for an infinite sample is 
56 pm. Thus all of a layer below this thickness contributes to the diffraction process. The 
fraction of the detected intensity that each successive layer of a 1.0 pm, 1.5 pm and 3.0 pm 
aluminium film contributes for a (111) diffraction angle is shown in Figure 19. It can be 
seen that, because the film is very much thinner than the penetration depth, successive 
layers of equal thickness contribute equally to the diffraction process.
I 0.25um
I.Oum Layer
I 0,25um
t.Sum Layer
I 1.0um
Layer
Contribution
25.8 % 
25.2% 
24,8% 
24.2%
17,5%
17.2%
16.8%
16.5%
16.2%
15.8%
36.1%
33.3%
30.6%
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51.0%75.8%
100%
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84.2%
100%
36.1%
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Figure 19: Contributions to the Diffracted Intensity from 
Successive Lavers in an A1 Film
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The use of the X-ray diffractometer in quantifying orientation has been tackled by both 
Brindley et al^^^^^ and Martin^^^^^ regarding the effect of preferred orientation on the 
quantification of results of the Kaolinite composition of clay mixtures and its effect on 
properties. Brindley et al^^^^^ attempted to define orientation and remove it in order to 
obtain reliable quantitative information on the composition of kaolinite mixtures. An 
orientation index:
I(00L)/I(060) .... (12)
where L = 1 or 2 and I is the X-ray diffracted intensity of the associated plane was defined. 
Preferred orientation enhances the intensity of (001) and (002) reflections while diminishing 
the (006) reflection. Preferred orientation was found to be associated with decreased (001) 
and (002) peak width. Martin^^^^^ defined a peak ratio:
PR = I(002)/I(020) .... (13)
where I is the amplitude of the associated X-ray diffraction peak. The ratio was chosen to 
minimise mechanical and instrumental variables and, because the peaks chosen were strong, 
distinct and close in diffraction angle 0  so that the same volume of material was irradiated 
for each peak. The use of the peak ratio is quantitative and less time consuming than a full 
pole figure determination. The peak ratio:
I(lll)/I(200) .... (14)
has been extensively used with regard to the properties of aluminium and aluminium alloy 
films and in particular their electromigration properties after being initially proposed by 
Vaidya et al^^^ .^
Further details of these investigations are contained in Sections 2.2.1 and 2.2.2 and 
Section 2.3.1.2, which deal with reviews of aluminium film orientation and electromigration 
resistance respectively. In the present study it was decided that this ratio would be the
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basis for the quantification of film structure due to both widespread use and relevance to 
the reliability of the deposited film.
An X-ray diffractometer, as previously described, was used to measure the intensity of the 
(111) and (200) X-ray diffraction peaks from Al-1%-Si samples deposited on the Electrotech 
MS5200 and MS62(X) dc magnetron sputtering systems. The diffractometer was aligned to 
the manufacturers instructions using a carbon powder disk standard. Samples 
approximately 2 cm by 3 cm, were taken from the centre of the 100 mm diameter 
substrates, the sample size being determined by the necessity to be larger than the 
irradiated area, of approximately 1 cm by 1.5 cm, and small enough to be located in the 
diffractometer by clamping between a plastic block and a metal retaining clip. An Al-1%-Si 
film was chosen as a reference standard and was checked prior to the measurement of other 
samples to ensure that the results were repeatable. The detector gain range was set 
according to the intensity of the diffracted peak, which was recorded once for gain settings 
above 3 x 10^ counts per second and three times, with an average being taken, for gain 
settings of 3 x 10^ or less counts per second. The peak heights determined in this manner 
were then used to calculate the X-ray diffraction ratio (XRD ratio) defined as:
XRD ratio = I(lll)/I(200) .... (15)
where 1(111) and 1(200) are the X-ray diffraction peak heights associated with (111) and
(200) planes respectively. In all measurements a time constant of one second, a collomating 
slit width of 1° and scan rate of 2° of 20  per minute and chart recorder speed of 30 mm 
per minute were used.
The angular position and width at half maximum peak height, of (111) and (200) X-ray 
diffraction lines from selected samples were also measured. The experimental conditions 
used were as described above, except that the scan rate was decreased to Vg° of 20 per
minute, which enabled measurements to be made from the chart recorder plot with
increased accuracy.
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3.4.3 Measurement of Film Grain Size Using the SEM
Grain size measurements were made on uncoated 1 cm by 1 cm samples taken from the 
centre of Al-1%-Si films deposited on 100 mm diameter substrates, with electrical contact to 
the front surface being made using silver dag. The samples were examined at a tilt angle 
of 45“ using an accelerating voltage of 20 kV, with three photographs of each sample taken 
at random locations on the surface. Using the linear intercept method^^^^^ in the horizontal 
direction, the length of grain segments at three set locations on each photograph were 
made. From the length of each segment and the magnification of the photograph the 
average grain size and grain size distribution could then be deduced. This grain segment is 
on average smaller than the grain diameter so that the average grain size will be an 
underestimate. In addition great care must be taken in the assignation of grain boundaries, 
especially on smooth surfaces where it has been shown that TEM measurements may 
indicate a smaller grain size than SEM measurements^^ ^  .
A photograph of a LOPOX surface was also taken after coating with 100 Â of gold to 
provide a conducting path for the electron beam over the insulating oxide surface.
3.5 Specular Reflectivity Measurement
This section describes the techniques used to measure the specular reflectivity of Al-1%-Si 
films. Two techniques, using a specular reflectivity attachment to a spectrophotometer and 
a thin film thickness monitor, which measure specular reflectivity absolutely or relative to a 
standard respectively, both at near normal incidence were used. Measurement at near 
normal incidence is not critically dependent on the angle of incidence, with up to 10° error 
in the angle of incidence causing little error in the measured specular reflectivity
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3.5.1 Absolute Specular Reflectivity at Near Normal Incidence Using the 
Pve-Unicam UV-Spectrophotometer and Specular Reflectance Accessory
3.5.1.1 Description of the Measurement System
The specular reflectivity attachment to the Pye-Unicam UV-Spectrophotometer uses the 
principle described by Bennett et The arrangement is shown in Figure 20.
Measurement of detected intensity in the sample-in and sample-out conditions allowed 
absolute specular reflectivity under near normal incidence to be calculated. The optical 
source provided light of 0.5 nm  to 2 nm bandwidth and wavelength from 200 nm to 
900 nm, illuminating a rectangular area of about 1 cm^ on the sample. In both sample-in 
and sample-out conditions light was focused onto the sample holder by mirrors M l and M2 
and collected from the sample holder by mirror M3, which directed the light to a 
photodiode detector. The sample holder consisted of a rotatable block containing a mirror 
M4 and a position S where the sample was attached using a retaining clip. With no sample 
in place, light was reflected off M4 and detected. When a sample was to be measured, the 
sample holder was rotated by 180° and light was reflected off the sample, mirror M4 and 
the sample again prior to being collected by M3. The rotation was such that the optical path 
length through the system was constant for both the sample-in and sample-out conditions. If 
1(A) is the intensity of light, at wavelength X, reflected from mirror M2, R the specular 
reflection coefficient, at wavelength X, from the sample and r the specular reflection 
coefficient, at wavelength X, from mirror M4, then the ratio of the detected intensities with 
the sample in, I ^ ^ ,  and out, is given from:
= 1(A) r r 2 .... (16)
and I^OUT = i(X) r .... (17)
by I^^N/I^OUT = i (x) r R ^/i (x) r .... (18)
By taking the square root of the ratio, the sample absolute specular reflectivity, at near 
normal incidence, was obtained. The intensities needed to be measured at each wavelength
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Figure 20: Specular Reflectivity Measurement Using the Specular 
Reflectivity Attachment to the UV-Spectrophotometer
of interest because the source intensity varied with wavelength. An advantage of taking the 
square root was that errors in the measurement of R are reduced.
3.5.1.2 Measurement of the Specular Reflectivity of Al-1%-Si Samples
The specular reflectivities of Al-1%-Si samples were measured using the specular reflectivity 
attachment to the UV-spectrophotometer described in Section 3.5.1.1. Tlie alignment of the 
optical system was checked prior to using the attachment by tracing a light path through 
the system at high intensity using a green wavelength (-530 nm) light and a piece of white 
card. A sample size of approximately 3 cm x 3 cm was needed for proper location in the 
sample holder and samples of this size were cleaved from the centre of substrates. The 
samples needed to be flat and free from patterning, which would cause additional scattering 
of light in addition to that due to the film structure alone. The sample area was checked to 
be free from defects prior to measurement. The measurement procedure consisted of 
measuring intensity at 50 nm intervals in the range 250 nm to 800 nm using a 1 nm 
bandwidth in the sample-out position, then measuring a set of samples, typically twelve.
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prior to re-measuring the sample-out intensity. Maximum, minimum and average specular 
reflectivities could then be calculated to estimate errors due to intensity drift. The 
contribution to intensity from stray light was subtracted from all readings prior to 
calculation by noting the measured intensity with the sample holder in the sample-in 
position but without a sample in place, and subtracting this from all intensity readings.
3.5.2 Measurement of the Specular Reflectivity at Near Normal Incidence Using the
Nanospec
3.5.2.1 Description of the Measurement System
The nanospec is a thin film interference type thickness measuring instrument. It has a fixed 
optical system so that absolute specular reflectivity measurement is not possible. It measures 
film thickness by measuring the intensity of reflected light from a layer of known real 
refractive index on a known substrate as wavelength is varied. From the period of intensity 
variation, film thickness is calculated by assuming a film refractive index. Therefore it was 
suitable for measuring the specular reflectivity at near normal incidence.
If R ( »  is the absolute specular reflectivity at near normal incidence of the sample, and Rg(X) 
is the absolute specular reflectivity of a standard, the ratio of intensities obtained at a given 
wavelength from the sample and the standard is given as shown in Figure 21 by:
R(X)/Rg(X) .... (19)
Thus a relative specular reflectivity is obtained, although conversion to an absolute value is 
possible if Rg(X) is known from absolute measurements. The wavelength was variable in the 
range 300 nm to 800 nm with the spot size of the beam on the sample being either 10 |im 
or 35 pm in diameter.
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Figure 21: Specular Reflectivity Measurement using the Nanospec 
Measurement of the Specular Reflectivity of Al-1%-Si Samples
The nanospec was used to measure the specular reflectivity of AI-l%-Si films on both 
monitor substrates, which were unpatterned silicon substrates or silicon substrates with a 
surface oxide layer, and patterned product substrates. Prior to specular reflectivity 
measurement, the reflected intensity measured without a sample present and with a silicon 
substrate present, at a wavelength of 480 nm, were checked to be within their specified 
range when using the equipment to measure thin film thickness. The specular reflectivity 
could then be measured at any location which was sufficiently large and flat, this criteria 
being met for areas >50 pm in diameter since the spot diameter used for specular 
reflectivity measurement was 35 pm. Once a suitable location had been chosen the system 
was able to scan three wavelengths and measure reflectivity relative to a reference standard. 
The measurement procedure consisted of measuring the specular reflectivity of a reference 
mirror at 400 nm, 450 nm and 500 nm then the specular reflectivity of a series of Al-1%-Si 
samples followed by a remeasurement of the reference standard. This was then repeated 
for the same samples at 550 nm, 600 nm and 650 nm. Errors arising from light source
6 6
intensity drift could be estimated from the two reference mirror readings. Calculation of 
the absolute specular reflectivity was then possible from a knowledge of the absolute 
specular reflectivity of the reference mirror, as measured using the specular reflectivity 
attachment to the UV-spectrophotometer.
3.6 Sheet Resistance and Resistivity Measurement
3.6.1 Theory of Sheet Resistance Measurement
The sheet resistance of a material is measured using a four point probe. The four point 
probe consists of a probe with four equally spaced metal electrodes which are brought into 
contact with the film to be measured (Figure 22). A current is passed between the outer 
electrodes and the voltage drop across the inner electrodes is measured. For a probe 
spacing s, film thickness t, circular sample diameter d, outer electrode current I and inner 
electrode voltage V the sheet resistance Rg is given by^^^® :^
Rg = (V/I) * F(w/s) C(d/s) .... (20)
where F(w/s) and C(d/s) are functions of the sample and probe geometry. If d »  s then
C(d/s) = 7c/ln2 = 4.53 and if s »  w then F(w/s) = 1 so tliat a simplified equation:
Rg = 4.53(V/I) .... (21)
can be written.
The bulk resistivity p may be obtained from Rg using the following equation:
P = Rg * t .... (22)
where t is the film thickness.
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dR = 4.53 V/I if s »  w and l » s
Figure 22: Schematic Diagram of the Four Point Probe
3.6.2 Measurement of Sheet Resistance and Resistivity
Sheet resistance measurements were made on Al-1%-Si films deposited on 100 mm diameter 
substrates which were either silicon, oxidised silicon or silicon with a surface LOPOX layer. 
Each substrate was measured at five points so that an average sheet resistance value could 
be calculated. Care was taken not to take measurements close to the edge of the substrate 
where misleading results could be obtained^^^^'^^^1. Prior to and after measurement of 
typically twenty films a standard film was measured to check for instrument electronic drift 
or other spurious effects. The spacing of the electrodes was 1.60 mm and an outer 
electrode current of 90.6 mA was used in all measurements. For this current a film whose 
resistivity is that of bulk aluminium (2.65 pUcm) would lead to an inner probe voltage drop 
of 1.06 mV for a 0.5 |im  thick film or 0.176 mV for a 3.0 p.m thick film. Where the 
resistivity was calculated the film thickness also needed to be measured and this was 
achieved by scratching the deposited film with a razor blade to uncover the substrate, and 
measuring the depth of the scratch using a Tallystep surface profilometer with a tip radius
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of 12.5 |Lim. The output of this instrument consisted of a profile of the scratch on a paper 
chart, from which the scratch depth was estimated by measurement, since the gain of the 
electronic measurement system was known.
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CHAPTER 4 
STRUCTURAL RESULTS
4.1 Introduction
This chapter describes the results of measurements made by scanning electron microscopy 
(SEM) and X-ray diffractometry on Al-1%-Si films. It is divided into two sections dealing 
with films deposited using continuous mode (Section 4.2.1) and batch mode (Section 4.2.2). 
The films deposited using continuous mode were deposited using the Electrotech MS5200 
sputtering system and covered the film thickness range of 0.5 [im to 3.0 pm  (Section 4.2.1). 
The films deposited using batch mode were initially deposited using the Electrotech MS5200 
system and were between 0.5 pm  and 1.4 pm thick (Section 4.2.2.1). A more comprehensive 
study of batch mode deposition then took place using the Electrotech MS6200 system for 
films 2.7 pm to 3.3 pm thick (Section 4.2.2.2).
4.2 Description of Structural Results
4.2.1 Continuous Mode Deposition
In order to study the effect of film thickness and deposition temperature on the structural 
characteristics of Al-1%-Si films on different substrates, a series of depositions were 
performed using the Electrotech MS5200 dc magnetron sputterer. Substrates were processed 
as if they were product substrates, with Al-1%-Si films being deposited after twenty-five 
dummy substrates had passed through the deposition system. Each deposition process and 
the deposition conditions associated with it are shown in Table 7.
Figures 23 to 25 show the variation of the X-ray diffraction (XRD) ratio, calculated from 
X-ray diffractometer peak measurements, with film thickness and substrate type, for 
deposition temperatures of 75"C, 110°C and 145°C respectively. Errors in the calculation of
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the XRD ratio are dominated by errors in the average value of the (200) peak intensity, 
since it is considerably smaller than the (111) peak intensity. This is particularly so for 
small XRD ratios, where the (200) peak is smallest relative to the (111) peak. Below an 
XRD ratio of 100, the error is under +10, falling as the XRD ratio falls. Errors above +20 in 
the XRD ratio are indicated on the relevant figures.
Figure 23 shows the variation of the XRD ratio, at a deposition temperature of 75°C, with 
AI-l%-Si film thickness on silicon and oxidised silicon substrates. The XRD ratio on silicon 
remained between 47 + 1 and 78 + 5 for films between 0.75 pm and 1.4 pm thick, the 
minimum and maximum occurring for films 0.75 pm and 1.3 pm thick respectively. For 
films 2.0 pm thick the ratio had increased sharply to 622 + 152. A comparison of the XRD 
ratio on silicon and silicon thermally oxidised to a thickness of 1000 Â showed that the 
XRD ratio was larger on oxidised silicon for films of equal thickness. The difference was 
most noticeable at a film thickness of 1.0 pm where the XRD ratio on thermally oxidised 
silicon was 150 + 6 compared to 73 + 4 on silicon. At a temperature of 110"C (Figure 24)
the XRD ratio measured for AI-l%-Si films on (100) silicon was 23.7 + 1.7 at a film
thickness of 0.5 pm. For films between 0.75 pm and 1.3 pm thick the XRD ratio was
between 48.9 + 2.4 at a film thickness of 1.3 pm and 38.7 + 2.8 at a film thickness of
1.0 pm, and rose sharply at 1.4 pm to 124.7 + 9.2. The rise in the ratio continued as the 
film thickness was further increased to 2.0 pm, where the ratio was 279 + 30, tlien fell to 
106 + 10 for films 3.0 pm thick. As seen previously, for films deposited at 75°C, the XRD 
ratio was enhanced considerably for films of equal thickness deposited onto silicon covered 
with a 1000 Â thick thermal oxide layer, except for films 1.1 pm thick, where the XRD ratio 
was seen to increase only slightly from 40.5 + 2.3 to 44.9 + 2.4. At a deposition 
temperature of 145°C, Figure 25, the XRD ratio for Al-1%-Si films between 0.75 pm and
1.1 pm thick, deposited on (100) silicon was between 23.2 + 1.4, at a film thickness of 
0.75 pm and 32.9 + 1.7 at a film thickness of 1.0 pm.
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Figure 23: Variation of the XRD Ratio with Film Thickness and Substrate Type for a Deposition Temperature of 75°C
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Figure 24; Variation of the XRD Ratio with Film Thickness and 
Substrate Type for a Deposition Temperature of 110°C
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Figure 25: Variation of the XRD Ratio with Film Thickness and 
Substrate Type for a Deposition Temperature of 145°C
The XRD ratio then rose sharply, increasing to 150.2 + 13.0 for films 1.4 |xm thick, before 
dropping to 40.5 + 0.3 for films 2.0 pm thick. For films deposited onto thermally oxidised 
substrates, a thin oxide layer, either 500 Â or 1000 Â thick, was seen to increase the XRD 
ratio over that measured on a bare (100) silicon surface, for Al-l%~Si films of equal 
thickness. This was particularly noticeable at a film thickness of 1.4 pm, where the ratio 
increased from 150 + 13 on (100) silicon, to 454 + 57 on a silicon substrate with a 500 Â 
thick thermal oxide layer. A 5000 Â thick thermal oxide layer caused a much smaller 
increase in the XRD ratio for Al-1%-Si films of equal thickness compared to those deposited 
on (100) silicon with a thinner oxide layer. A comparison of Figures 23 to 25 for Al-1%-Si 
films deposited onto silicon substrates shows that below the thickness at which the XRD 
ratio increases sharply, films deposited at lower temperatures had the largest XRD ratio. At 
a film thickness of 1.0 pm the XRD ratio was 32.9 + 1.7, 38.7 + 2.8 and 73 + 4 at 
temperatures of 145°C, 110“C and 75°C respectively. The thickness at which the XRD ratio 
was seen to have increased sharply, decreased as the deposition temperature increased in 
the range 75°C to 145°C. The thickness being 2.0 pm, 1.4 pm and 1.2 pm at 75°C, 110"C and
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145“C respectively.
The width and position of (111) and (200) X-ray diffraction peaks from several Al-1%-Si 
films were measured. The (111) peak width was found to be almost constant varying 
between 0.168° + 0.004° and 0.173° + 0.004° for as-deposited and annealed films. The (200) 
peak was in general vender than the (111) peak. For films deposited at 110°C the peak 
width at film thicknesses of 1.0 jim and 1.4 pm on (100) silicon substrates was 
0.192° + 0.004°. For a film 1.4 pm thick on à (100) silicon substrate with a 1000 Â thermal 
oxide layer, the peak width was 0.180°. Direct comparison of the X-ray diffraction peak 
widths are difficult since instrumental broadening may vary with the peak's angular 
position. The XRD ratio measured for 1.0 pm and 1.4 pm thick films on (100) silicon 
substrates was 38.7 + 2.8 and 125.0 + 9.0 respectively, while that of the 1.4 pm thick film on 
the thermal oxide was 275 + 25. There was therefore a possible correlation between the 
width of the (200) X-ray diffraction peak and the XRD ratio, with the larger XRD ratio 
being associated with a smaller (200) X-ray diffraction peak width. The width of an X-ray 
diffraction line present from the (100) silicon substrate at an angle of 61.665 + 0.004° was 
also measured and found to be 0.110° + 0.004°.
Unlike the X-ray diffraction peak width at half maximum peak height and the X-ray 
diffraction ratio, which are relative measurements, the angular location of the X-ray 
diffraction peaks is an absolute measurement. The accurate location of the X-ray diffraction 
peak requires an accurate scanning mechanism on the X-ray diffractometer and that the 
angular scale be calibrated by a known standard X-ray diffraction peak. The use of a 
substrate X-ray diffraction peak to calibrate the angular scale is possible although the X-ray 
diffraction peak should be close to those in the film to be measured since errors may 
depend on the angular position of the X-ray diffraction peak. Problems in the measurement 
and interpretation of the X-ray diffraction peak position will be discussed in the discussion 
of structural results. Values of the X-ray diffraction peak angular 2© position were between 
38.442° and 38.492° for the (111) reflection and 44.690° and 44.719° for the (200) reflection. 
Measurement errors being estimated at +0.004°.
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Representative SEM photographs of 1.0 pm, 1.4 pm and 2.0 pm thick Al-1%-Si films 
deposited at 75“C and 145°C are shown in Figures 26 to 31. The photographs show that the 
surface structure of samples of equal thickness deposited at differing temperatures were 
different, and that there was a change in surface structure as the film thickness was altered 
under fixed deposition conditions. The films were all polycrystalline with large grain 
boundary grooves forming for films 2 pm thick. In order to quantify the grain size and 
grain size distribution of the deposited films, the linear intercept method was used. Table 8 
gives the results of the measurement of the average grain size and its standard deviation 
for films 1.0 pm, 1.4 pm and 2.0 pm thick deposited at 75“C and 145°C. For both 
temperatures the average grain size increased with increasing film thickness, while at a 
fixed temperature the film deposited at the higher temperature had the larger grain size. 
The grain size uniformity, measured as the ratio of the average grain size to the average 
grain size's standard deviation, improved with decreased film thickness at both 145°C
and 75°C. The average grain size was comparable to the film thickness for films deposited 
at both temperatures. Histograms of the grain size distribution for 1.0 pm, 1.4 pm and
2.0 pm thick films deposited at 75°C and 145°C are shown in Figures 32 to 37. At a 
deposition temperature of 75°C the grain size distribution was unimodal at a film thickness 
of 1.0 pm.
Table 8: Grain Size Information for Al-1%-Si Films Deposited 
in Continuous Mode
Process*
Identification
x
pm ^N -1pm
N ^Mpm x /* N -l
C13 0.89 0.45 98 0.05 1.98C15 1.22 0.65 74 0.08 1.88C17 2.41 1.42 73 0.17 1.70C3 0.72 0.36 132 0.03 2.00€5 1.04 0.53 91 0.06 1.96C19 1.97 1.08 64 0.11 1.82
^N -1
^M
N
process conditions are defined in Table 7 
is the average grain size diameter
is the standard deviation of the grain size from the mean 
is the standard deviation of the mean grain size 
is the number of grains averaged
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Figure 26: SEM Photograph of a 1.0 um Thick Al-1%-Si Film Deposited 
at 75°C in Continuous Mode Using Process C3
■'?”■• ry^ .
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Figure 27: SEM Photograph of a 1.4 um Thick Al-1%-Si Film Deposited
at 75°C in Continuous Mode Using Process C5
.0 ^
4HM 21KV 0 2 1
Figure 28: SEM Photograph of a 2.0 um Thick Al-1%-Si Film Deposited 
at 75°C in Continuous Mode Using Process C l9
2 HM 21KV 0 0 1
Figure 29: SEM Photograph of a 1.0 um Thick Al-1%-Si Film Deposited
at 145°C in Continuous Mode Using Process C l3
42 HM 21KV 0 0 4
Figure 30: SEM Photograph of a 1.4 um Thick Al-1%-Si Film Deposited 
at 145°C in Continuous Mode Using Process Cl 5
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Figure 31: SEM Photograph of a 2.0 um Thick Al-1%-Si Film Deposited
at 145°C in Continuous Mode Using Process Cl 7
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Figure 32; Histogram of the Grain Size Distribution for a 1.0 um 
Thick Al-1%-Si Film Deposited at 75°C
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Figure 33: Histogram of the Grain Size Distribution for a 1.4 um
Thick Al-1%-Si Film Deposited at 75°C
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Figure 34: Histogram of the Grain Size Distribution for a 2.0 um 
Thick Al-1%-Si Film Deposited at 75°C
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Figure 35: Histogram of the Grain Size Distribution for a 1.0 um
Thick Al-1%-Si Film Deposited at 145°C
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Figure 36: Histogram of the Grain Size Distribution for a 1.4 iim 
Thick Al-1%-Si Film Deposited at 145°C
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Figure 37: Histogram of the Grain Size Distribution for a 2.0 um
Thick Al-1%-Si Film Deposited at 145°C
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W ith increasing film thickness, the distribution widened with the percentage of low 
diameter grains decreasing at the expense of larger diameter grains. At a film thickness of
1.4 pm the distribution was still unimodal, whilst at thickness of 2.0 pm  the distribution 
had become slightly bimodal with some very large grains developing. At a deposition 
temperature of 145°C, there was a unimodal grain size distribution at a film thickness of
1.0 pm. A bimodal distribution had developed at a film thickness of 1,4 pm. At a film
thickness of 2 pm a fairly flat grain size distribution had developed at low grain size
although some larger diameter grains were also present.
Assuming grain growth followed an Arrhenius type behaviour, an activation energy for 
grain growth could be calculated from the grain size data at 75°C and 145°C. From the 
equation:
x^ = Dt .... (23)
where x is the average grain size, D the diffusion coefficient and x a time interval for 
diffusion, by substituting:
D = Dq exp(+Ea/kT) .... (24)
where Dq is the diffusion constant pre-exponential factor, Ea the activation energy for 
diffusion, T the temperature in Kelvin and k Boltzmann's constant an Arrhenius equation of 
the form:
x^ = DqX exp(Ea/kT) .... (25)
is obtained. By taking the natural logarithm of both sides the relation becomes:
ln(x) = ln(D^x)^/2 +(Ea/2kT) .... (26)
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from which the activation energy may be obtained. The activation energy deduced in this 
way for films 1.0 pm, 1.4 pm and 2.0 pm thick were 0.08 eV, 0.06 eV and 0.07 eV 
respectively. The error in these activation energies obtained by using the standard deviation 
of the average grain size to estimate the maximum and minimum gradient of a graph of 
ln(x) against 1/T, was estimated to be +0.04 eV. The activation energies at each film 
thickness are small and comparable in size to one another.
4.2.2 Batch Mode Deposition
This section describes the results of structural measurements made on Al-1%-Si films 
deposited using batch mode and is broken into two parts. The first part. Section 4.2.2.1, 
describes the results of structural measurements made on Al-1%-Si films 0.5 pm to 1.4 pm 
thick, deposited onto silicon substrates at selected substrate positions, using the Electro tech 
MS5200 system. This leads to a more comprehensive study, in Section 4.2.2.2, of the 
variables affecting the structure of films 2.7 pm to 3.3 pm thick, deposited onto silicon and 
silicon with a 1 pm thick LPCVD oxide layer at all substrate positions, using the Electro tech 
MS6200 system.
It should be noted that in Section 4.2.2.2 the combination of a silicon substrate with a 1 pm
thick LPCVD oxide layer will be referred to as a LOPOX substrate.
4.2.2.1 Deposition Using the Electrotech MS5200
In order to study the effect of film thickness, the number of revolutions past the target 
during deposition and the possibility of changes in the deposited films quality depending 
on when it was deposited during a sequence of depositions, a series of depositions were 
performed using the Electrotech MS5200 system. The structural characteristics of the 
deposited film were measured on silicon substrates located at substrate positions six and 
thirteen. The sequence of depositions used and a description of the deposition conditions 
employed are given in Table 9, where it should be noted that a constant temperature of
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110°C and argon sputtering pressure of 5 mT were employed.
Figure 38 shows portions of an X-ray diffractometer trace, showing the (111) diffraction 
peak at 38.5° and the (200) diffraction peak at 44.6°, for A1-1%-S1 films 0.5 pm thick 
deposited under identical conditions at substrate position six onto a (100) silicon substrate. 
The top of the figure shows the X-ray peak intensities for process B1 which was the first 
deposition of the day, the machine being idle for approximately sixteen hours prior to 
deposition, while the bottom of the figure shows the equivalent peak intensities for identical 
deposition conditions (process B6) after a further four depositions, during which 4.8 pm of 
Al-1%-Si were deposited without interrupting processing. The (111) peak had increased 
while the (200) peak had decreased for the film deposited after a further four depositions, 
process B6, compared to those obtained for the first deposition, process Bl. This resulted in 
the XRD ratio increasing from 38 + 1, for the initial deposition, to 206 + 23 for the later 
deposition.
Figure 39 shows the variation of the XRD ratio, obtained for Al-1%-Si films deposited onto 
(100) silicon, with the number of revolutions, film thickness and substrate position for batch 
mode deposition. Errors above +30 in the XRD ratio are indicated on the graph. For one 
and ten revolutions at position six the XRD ratio increased steadily with increasing film 
thickness, being larger for one revolution, except at a thickness of 1.0 pm where there is an 
anomaly for the film deposited using one revolution which was deposited after a short 
break in processing as shown in Table 9. The maximum value of the XRD ratio was 
671 + 103 at a thickness of 1.4 pm deposited using one revolution, while the minimum, 
apart from the anomalous result for one revolution at a film thickness of 1.0 pm, was 
338 + 44 obtained for ten revolutions and a film thickness of 1.0 pm. These values were 
considerably larger than those obtained for continuous mode deposition at 110°C (Figure 24) 
which ranged from 38.7 + 2.8 at a thickness of 1.0 pm to 124.7 + 9.2 at a thickness of
1.4 pm. For position thirteen using one revolution the XRD ratio showed a minimum at a 
thickness of 1.2 pm and for all thicknesses lies well below the values obtained at position 
six using one or ten revolutions. Increasing the number of revolutions to ten caused an
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Figure 38: A Comparison of the X-Ray Diffractometer Traces Obtained 
for Identical Deposition Conditions at Different Times During a 
Sequence of Batch Mode Depositions
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increase in the XRD ratio at all thicknesses with a minimum again at a thickness of 1.2 |im. 
This is in contrast to the effect for position six where an increase in the number of 
revolutions caused a decrease in the XRD ratio. The increase was particularly noticeable at 
a film thickness of 1.0 fim, where the XRD ratio increased from 108 + 5 to 389 + 52 as the 
number of revolutions were increased from one to ten. The XRD ratio at position thirteen, 
apart from at a film thickness of 1.0 pm, lies below that for position six for one and ten 
revolutions.
Figure 40 shows a SEM photograph of a 1.4 pm  thick film deposited using one rotation at 
position six. The film was polycrystalline with a grain size of 1.29 + 0.09 pm and a 
uniformity, x/<Tj^, of 1.87. The grain size was larger than the grain size of a film 1.4 pm 
thick deposited at a temperature of 145°C in continuous mode, where the grain size was 
1.22 pm (Table 8), but of similar uniformity. The grain size distribution (Figure 41) was 
similar to that obtained at 145°C in continuous mode (Figure 36) being fairly wide and 
slightly bimodal.
X-Ray Diffraction Ratio l(111)/l(200)800
700
Position 6 . . .600
500
400 -
300
. Position 13. .200
100
0.9 1 1.1 1.2 1.3 1.4 1.5
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^  1 Revolution
Rim Thickness In Microns
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o 10 Revolutions
Figure 39: The Variation in the XRD Ratio with Film Thickness, 
Substrate Position and Number of Revolutions in Batch Mode
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mFigure 40: SEM Photograph of a 1.4 um Thick 
Deposited at nO°C in Batch Mode Using :
Al-1%-Si Film 
Process B8
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Figure 41: Histogram of the Grain Size Distribution for a 
1.4 u-m Thick Al-1%-Si Film Deposited at 110°C in Batch Mode Using Process B8
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4.2.2.2 Deposition Using the Electrotech MS6200
The Electro tech MS6200 was used to deposit Al-1%-Si films so that the effect of the number 
of revolutions during deposition, deposition temperature, film thickness, substrate type, 
either (100) Si or LOPOX, and substrate position on the resultant film properties could be 
assessed. Each deposition process was carried out twice in succession onto (100) silicon and 
LOPOX substrates respectively, which occupied all substrate positions so that a full 
characterisation of the effect of substrate position could be made. A deposition onto silicon 
substrates was performed prior to the investigation of the effect of deposition parameters on 
film properties, unless the sputtering system had been used immediately prior to 
experimentation. This deposition is identified as a dummy deposition and was used to try 
an avoid spurious effects by putting the system into a known state prior to use. Deposition 
conditions and the sequence of depositions are identified in Table 10.
For films deposited onto (100) silicon substrates, under the chosen measurement conditions, 
only the (111) X-ray diffraction peak was able to be identified and thus no investigation of 
the XRD ratio was possible. Furnace annealing of the films, for thirty minutes at 450°C in 
flowing H 2, produced an increase in the (111) X-ray diffraction intensity and did not lead to 
the appearance of any other X-ray diffraction peaks. The (111) X-ray diffraction peak 
intensity did, however, vary with substrate position for both annealed and as-deposited 
films. Effort was therefore concentrated on an examination of films deposited onto LOPOX 
substrates.
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Figures 42 to 45 show XRD ratio results for various deposition conditions. In order to 
avoid over complicated figures the average error bar is drawn for each set of deposition 
conditions used. Figure 42 shows the variation of the XRD ratio with substrate position for 
processes HG3 and HG16. These were the standard deposition conditions in use on each 
occasion and were monitored as a reference prior to further experimentation. The two 
deposition processes shared a common deposition temperature and number of revolutions 
but were deposited using different sets of targets on separate dates. Since the accumulated 
power was lower for HG16 and thus less target erosion, which causes a decrease of the 
deposition rate, had occurred, the deposition power would have been less for process HG16 
for a fixed deposition time. In addition to this the process time for HG16 had been 
increased resulting in a further reduction in deposition power. This increase in process 
time was a technique used to improve the monitored specular reflectivity at substrate 
position eight and will be discussed further in Chapter 5. For both process HG3 and HG16 
there was a variation of the XRD ratio with substrate position in the deposition chamber, 
the variation being different for each process. The average XRD ratio was similar for both 
processes, 426 + 48 for HG3 and 442 + 94 for HG16, as shown in Table 11, although HG3 
showed a maximum of 639 + 20 at substrate position four and a minimum of 259 + 33 at 
position three, while HG16 showed a maximum of 919 + 107 at position three and a 
minimum of 167 + 15 at position five. The uniformity quoted in Table 11, is worse for 
HG16 where it is +85% compared to HG3 where it is +45%, although this was still a 
significant deposition process non-uniformity. Because of these differences, comparisons 
were only made between sequential depositions using the same set of targets.
The effect of varying the number of revolutions used during film deposition on the XRD 
ratio is shown in Figures 43 and 44, with averages given in Table 11. Figure 43 compares 
the XRD ratio obtained for processes HG5, HG3 and HG7, used to deposit films 3.0 pm 
thick using twenty, thirty and forty revolutions respectively.
93
XRD Ratio l(111)/l(200)1000
900
800
700
600 -
500
400
300
200
100
1 2 3 4 5 6 7 8
Substrate Position 
HQ 3 4- HQ 16
Figure 42: A Comparison of the XRD Ratio Between 
Processes HG3 and HG16
Table 11; XRD Ratio Average Values and Uniformities for Batch Mode 
Deposition onto LOPOX Substrates Using the Electrotech MS6200 System
Process
Identification
X Range Uniformity
HG3 426 48 380 +45%HG5 522 87 695 +67%HG7 588 31 245 +21%HG16 442 94 752 +85%
HG18 622 92 739 +59%HG23 504 85 679 +67%HG21 535 155 1238 +116%
X is the mean XRD ratio
is the standard deviation of x 
Range is the maximum XRD ratio minus the minimum XRD ratio
Uniformity is the (Range/2x) x 100%
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Figure 43: A Comparison of the XRD Ratio Between Processes 
HG5, HG3 and HG7 - The Effect of the Number of Revolutions
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Figure 44: A Comparison of the XRD Ratio Between Processes 
HG16 and HG18 - The Effect of the Number of Revolutions
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For twenty revolutions the XRD ratio showed a pronounced maximum of 969 + 134 at 
position five, either side of which the XRD ratio decreased. For both thirty and forty 
revolutions the pronounced maximum disappeared leaving a more gently undulating 
variation in the XRD ratio between substrate positions. The average XRD ratio increased 
from 426 + 48 for thirty revolutions, to 522 + 87 for twenty and 588 + 31 for forty. The 
uniformity of the XRD ratio across all substrate positions improved as the number of 
revolutions increased, going from +67% for twenty revolutions to +21% for forty revolutions 
(Table 11). Figure 44 shows a comparison of the variation of the XRD ratio between 
processes HG16 and HG18, which were used to deposit 3.0 |im  thick films using thirty and
seventy-two revolutions respectively. These were deposited in a separate sequence of
depositions from the previous set of results (Figure 43) and so direct comparison is not 
possible. However as shown in Table 11, there was an increase in both the average XRD 
ratio and the uniformity as the number of revolutions were increased from thirty to 
seventy-two.
Figure 45 shows a comparison of the variation in the XRD ratio between deposition 
processes HG18, HG23 and HG21 using deposition temperatures of 100”C, 140°C and 180°C 
respectively. There was a similar dependence of the XRD ratio with substrate position for 
each temperature, all showing a maximum at position tliree. The XRD ratio uniformity 
increased as the deposition temperature decreased from 180°C to 100°C, falling from +116% 
to +59% (Table 11). The average XRD ratio increased from 442 + 94 at 140°C, to 504 + 85
at 100“C and 535 + 155 at 180“C.
Furnace annealing, at 45G“C for thirty minutes in flowing H2, of films deposited onto 
LOPOX substrates, caused an increase in the (111) X-ray diffraction peak intensity, which 
varied with substrate position, and the disappearance of the (200) X-ray diffraction peak. 
Consequently it was not possible to calculate the XRD ratio after annealing.
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Figure 45: A Comparison of the XRD Ratio Between Processes 
HG16, HG23 and HG21 - The Effect of Deposition Temperature
Figure 46 shows a SEM photograph of a LOPOX surface which was coated with a ICO Â 
gold layer, to prevent charging during examination. The surface is not atomically smooth, 
showing a slightly granular surface onto which Al-1%-Si films were deposited.
Figures 47 to 54 show representative SEM photographs of Al-1%-Si films deposited in batch 
mode. The AH%-Si films were polycrystalline with well defined grain boundary grooves 
and growth ledges and hillock-like protrusions in the interior of grains. Figures 47 and 48 
show SEM photographs of 3 pm thick films deposited onto LOPOX substrates occupying 
positions one and five using process HG3. It was evident that for films deposited using 
processes HG2 and HG3 onto (100) silicon and LOPOX substrates respectively, films 
deposited at substrate position five had more pronounced grain boundary grooves compared 
to those deposited at position one. The average grain size at positions one and five, which 
are given in Table 12, were similar to each other.
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Figure 46: SEM Photograph of a LOPOX Surface
/
Figure 47: SEM Photograph of a 3 iim Thick Al-1%-Si Film Deposited 
onto a LOPOX Substrate at Substrate Position One Using Process HG3
Figure 48: SEM Photograph of a 3 um Thick A1-1%-SI Film Deposited
Onto a LOPOX Substrate at Substrate Position Five Using Process HC3
Figure 49: SEM Photograph of a 3 iim Thick A1-1%-SI Film Deposited 
Onto a LOPOX Substrate at Substrate Position One Using Process HG16
Figure 50: SEM Photograph of a 3 um Thick Al-1%-Si Film Deposited
Onto a LOPOX Substrate at Substrate Position Five Using Process HG16
mFigure 51: SEM Photograph of a 3 iim Thick Al-1%-Si Film Deposited 
Onto a LOPOX Substrate at Substrate Position Five Using Process HG21
Figure 52: SEM Photograph of a 3 um Thick Al-1%-Si Film Deposited
Onto a LOPOX Substrate at Substrate Position Five Using Process HG23
Figure 53: SEM Photograph of a 3 um Thick A1-1%-SI Film Deposited 
Onto a LOPOX Substrate at Substrate Position One Using Process HG16 And Annealed
Figure 54: SEM Photograph of a 3 um Thick Al-1%-Si Film DepositedOnto a LOPOX Substrate at Substrate Position Five Using Process HG16 and Annealed
There was little difference between the visual appearance of the films deposited at position 
five in the initial deposition, HGl, compared to the subsequent deposition, HG2, under 
otherwise identical conditions. The average grain size for process HGl at position five was 
3.36 + 0.19 pm compared to 3.06 pm + 0.19 pm  for process HG2 (Table 12). Figures 49 and 
50 show SEM photographs of Al-1%-Si films deposited at substrate positions one and five 
onto LOPOX substrates using process HG16, the standard process conditions for the 
accumulated target power. The films had a similar surface appearance, unlike those 
deposited using HG3, where the film at position one had less pronounced grain boundary 
grooves than position five, with grain boundary grooves somewhere between the extremes 
of position one and five from HG3 (Figures 47 and 48). In addition they showed a higher 
density of more pronounced hillock-like features within, and occasionally at grain 
boundaries, and a large grain size difference between films deposited at positions one and 
five, which had grain sizes of 3.05 pm + 0.21 pm and 2.53 + 0.15 pm respectively.
Figures 52, 50 and 51 compare the surface structure of 3 pm thick films deposited onto 
LOPOX substrates at position five at temperatures of 100°C, 140“C and 180°C respectively. 
The average grain size at 100°C, 140°C and 180°C were 2.53 pm + 0.15 pm,
2.48 pm + 0.14 pm and 2.63 pm + 0.16 pm respectively. Despite the similar grain sizes the 
surface appearance of the films were different. At 100”C the films had well defined grain 
boundary grooves with little intra-grain structure. At 140°C the grain boundary grooves 
had become less distinct and more intra-grain hillock-like features were visible, while at 
180°C the film looked somewhere between those deposited at 100°C and 140°C.
Figures 53 and 54 show the surface structure of films deposited using process HG16 and 
furnace annealed for thirty minutes at 450°C in flowing H2. A comparison with the 
as-deposited films (Figures 49 and 50) showed that some large hillocks had formed after 
annealing. In addition to this, at position one the intra-grain structure had changed with 
steps developing on the surface of grains, while at position five faint boundaries 
encompassing several grains formed. The measured grain size (Table 12) showed little 
change after annealing. For films deposited at substrate position eight onto LOPOX
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substrates, using processes HG12 and HG14 to give films 2.7 pm and 3.3 pm thick, the 
measured grain sizes were 2.65 pm + 0.16 pm and 3.15 pm + 0.20 pm respectively.
Figures 55 and 56 show histograms of the grain size distribution for substrate positions one
and five for process HG16, the standard process. The grain size distribution for films 
deposited at substrate position five was approximately unimodal while that for substrate
position one was more bimodal in nature.
Table 12: Grain Size Data for Selected Al-1%-Si Films
Process  ^
Identification
Substrate
Position
X
pm (?M
N
HGl 5 3.36 0.19 85
HG2 1 2.81 0.2 72
HG2 5 3.06 0.19 66
+HG3 1 2.70 0.15 69
+HG3 1 2.88 0.19 71
HG3 5 2.91 0.21 75
HG4 1 2.65 0.17 80
HG6 1 2.40 0.18 56
HG12 8 2.65 0.16 85
HG14 8 3.15 0.20 70
HG16 1 3.05 0.21 69
^HG16 1 2.87 0.20 67
HG16 5 2.53 0.15 86
*HG16 5 2.46 0.16 91
HG21 5 2.63 0.16 78
HG23 5 2.48 0.14 85
+
A
N
process conditions are defined in Table 10
measurement repeated from separate SEM photographs
indicates annealed sample
is the average grain diameter
is the standard deviation of the mean grain size
is the number of grains averaged
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Figure 55: Histogram of the Grain Size Distribution for a 3 iim 
Thick Al-1%-Si Film Deposited Using Process HG16 
at Substrate Position One
Percentage Of Grains
3 3-8 4.6 5.4 6.2
Grain Size In Microns
Figure 56: Histogram of the Grain Size Distribution for a 3 um
Thick AI-l%-Si Film Deposited Using Process HG16
at Substrate Position Five
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CHAPTER 5 
OPTICAL RESULTS
5.1 Introduction
This chapter describes the results of specular reflectivity measurements made on Al-1%-Si 
films, deposited using both continuous (Section 5.2.1) and batch modes (Section 5.2.2) of 
deposition. As previously stated, in relation to the structural results described in Chapter 4, 
the continuous mode deposition of films took place using the Electrotech MS5200 system 
while the batch mode deposition of films took place using both the Electrotech MS5200 and 
Electrotech MS62CX) systems. Using continuous mode deposition, the effect of deposition 
temperature and film thickness, in the range 0.5 pm to 3.0 |im, on the deposited film's 
specular reflectivity (Section 5.2.1.1) and the effect of its specular reflectivity on the 
subsequent photolithographic process was investigated (Section 5.2.1.2). The specular 
reflectivity of films 0.5 um to 1.4 pm thick deposited at selected substrate positions onto 
silicon substrates using various numbers of revolutions during deposition was investigated 
using batch mode deposition on the Electrotech MS5200 (Section 5.2.2.1). A more 
comprehensive investigation looking at the effect of deposition temperature and number of 
revolutions on the specular reflectivity of films 2.7 pm to 3.3 pm thick, at all substrate 
positions on both (100) silicon and (100) silicon with a 1 pm thick LPCVD oxide layer, 
referred to as LOPOX, was then carried out using the Electrotech MS6200 (Section S.2.2.2).
5.2 Description of Optical Results
5.2.1 Continuous Mode Deposition
This section is divided into two parts dealing with the effect of deposition conditions on 
film specular reflectivity (Section 5.2.1.1) and the effect of the deposited film's specular 
reflectivity on the photolithographic process (Section 5.2.1.2). The first section.
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Section 5.2.1.1, deals with the effect of the deposition temperature and film thickness on the 
specular reflectivity of AH%-Si films deposited onto (100) silicon and thermally oxidised 
silicon substrates. The films were all deposited on the Electrotech MS5200 system, being 
processed in an identical manner to product substrates with twenty-five substrates being 
processed prior to film deposition. Conditions employed during deposition are given in 
Table 7. The second section. Section 5.2.1.2, gives the results of the effect of the Al-1%-Si 
film's specular reflectivity on the subsequent photolithographic process. Processing details 
relating to these films are given within the section itself.
5.2.1.1 Variation of Specular Reflectivity with Deposition Conditions
The variation of the absolute specular reflectivity with wavelength, of a 1.1 pm thick 
Al-1%-Si film, deposited at 110°C, onto a (100) silicon substrate and a (100) silicon substrate 
thermally oxidised to a thickness of 1000 Â, measured using both the nanospec and 
specular reflectivity attachment to the UV-spectrophotometer are shown in Figures 57 and 
58. The estimated error in the measurement at each point was, in all cases, below 0.4 
absolute percent, averaging 0.32 absolute percent for both measurement techniques. The 
graphs show that the two measurement techniques agreed closely, with a maximum and 
average disagreement of 1.22 absolute percent and 0.61 absolute percent respectively. Both 
figures show a gradual fall of specular reflectivity as the measurement wavelength was 
reduced from 700 nm to 400 nm.
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Figure 57: A Comparison of the Specular Reflectivity Measured 
Using the Nanospec and Specular Reflectivity Attachment 
to the UV-Spectrophotometer
Absolute Specular Reflectivity %85
80
75
70
350 400 450 500 550 600 650 700
Wavelength In Nanometres 
Nanospec — Spectrophotometer
Figure 58: A Comparison of the Specular Reflectivity Measured 
Using the Nanospec and Specular Reflectivity Attachment 
to the UV-Spectrophotometer
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The variation of specular reflectivity with wavelength for Al-1%-Si films 1.0 |im  to 1.4 pm 
thick deposited at 145°C using processes C ll  to C15 (Table 7) is shown in Figure 59. The 
estimated average error due to instrumental factors was estimated at 0.1 absolute percent 
and is thus not shown on the diagrams. At any film thickness, the specular reflectivity was 
seen to behave in the same fashion. There was a specular reflectivity maximum in the 
region 650 nm to 700 nm and a smooth decrease either side, with the rate of change of 
specular reflectivity with wavelength being greater below 650 nm. The specular reflectivity 
versus wavelength curve for each thickness was discrete, with the curves for each thickness 
lying parallel to each other for most of their length. The specular reflectivity at a given 
wavelength was greatest for the thinnest film and decreased as the film thickness was 
increased. SEM photographs of the 1.0 pm and 1.4 pm thick films are shown in Figures 29 
and 30. The figures show that there were no large hillocks present on either film and that 
other structural features accounted for the specular reflectivity change. The 1.0 pm thick 
film had a grain size of 0.89 pm  + 0.05 pm compared to 1.22 pm + 0.08 pm for the 1.4 pm 
thick film.
Figures 60 to 62 compare the variation of the specular reflectivity with wavelength for 
deposition temperatures of 75°C, 110°C and 145°C at film thicknesses of 1.0 pm, 1.4 pm and
2.0 pm  respectively. At each thickness the film deposited at the lower temperature had the 
largest specular reflectivity. The difference in the maximum and minimum specular 
reflectivities tended to increase as both the wavelength and the film thickness were reduced. 
The difference was 8.0 absolute percent for a film thickness of 1.0 pm at 400 nm, increasing 
to 12.3 absolute percent at 250 nm. This compared to 3.7 and 3.6 absolute percent for a
2.0 pm thick film at 400 nm and 250 nm respectively. SEM photographs of 1.0 pm, 1.4 pm 
and 2.0 pm thick films deposited at 75"C and 145°C are shown in Figures 26 to 31. There 
were noticeable grain size and grain size distribution differences between the films, while 
the thicker films showed the presence of deep grain boundary grooves.
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Figure 59: The Variation of the Specular Reflectivity 
with Thicknesses for Al-1%-Si Films Deposited at 145°C 
onto (100) Silicon Substrates
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Figure 60: The Variation of Specular Reflectivity with
Deposition Temperature for 1 um Thick Al-1%-Si Films
on (100) Silicon Substrates
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Figure 61: The Variation of the Specular Reflectivity 
with Deposition Temperature for 1.4 um Thick Al-1%-Si Films 
on (100) Silicon Substrates
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Figure 62: The Variation of Specular Reflectivity with
Deposition Temperature for 2 um Thick Al-1%-Si Filmson (100) Silicon Substrates
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From visual inspection the largest specular reflectivity was associated with the least well 
defined grain boundaries, although the relative effects of grain boundary and other 
structural features was difficult to estimate.
The effect on the variation of specular reflectivity with wavelength of film deposition onto 
thermally oxidised (100) silicon substrates is shown in Figures 63 and 64, for 1.0 fxm and 
1.4 Jim  thick AI-l%-Si films respectively, deposited at 145°C. There was the usual smooth 
variation of specular reflectivity with wavelength, the curves for each substrate, either (100) 
silicon or (100) silicon with a 500 Â, 1000 Â or 5000 Â thick thermal oxide, being parallel 
and slightly displaced from one another. The films deposited onto substrates with the 
thinner thermal oxide tended to have the higher specular reflectivity. In general at all 
temperatures investigated the specular reflectivity at 400 nm on (100) silicon or (100) silicon 
with a thermal oxide layer up to 1000 Â thick was within 1.5 absolute percent, with silicon 
having the larger specular reflectivity, the only anomaly being at 145“C where a 1.4 pm film 
on (100) silicon had a lower specular reflectivity (Figure 64).
From data on the variation of specular reflectivity with wavelength, it is possible to deduce 
a value for the rms surface roughness of a deposited film. Figures 65 and 66 show graphs 
of the natural logarithm of the absolute specular reflectivity, Ln(R), against 16tü^/A^ for films
1.0 pm, 1.4 pm and 2.0 pm thick deposited at 75°C and 145°C respectively. From 
equation 5, ignoring the second term, the slope and intercept of the graph give estimates of 
(P-, the mean square surface roughness, and Ln(R^), the natural logarithm of the specular 
reflectivity of a smooth surface. The graphs show that, in a particular wavelength range, 
the plotted data gave a linear relation as expected from the theory, while at lower 
wavelengths (higher Iôtï^/A^) the points were seen to lie above the straight line, with the 
disagreement increasing as the wavelength is reduced, while at higher wavelengths the 
points were seen to lie below the straight line.
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Figure 63: A Comparison of the Specular Reflectivity of 
1 um Thick Al-1%-Si Films Deposited at 145°C 
on (100) Si and Oxidised Silicon
Absolute Specular Reflectivity %85
80
75
70
65
60
55
50
200 250 300 350 400 450 500 550 600 650 700 750 800 850
Wavelenth In Nanometres 
SI SI\500A Oxide SIMOOOA Oxide - G -  SI\5000A Oxide
Figure 64: A Comparison of the Specular Reflectivity of a
1.4 um Thick Al-1%-Si Film Deposited at 145°C
on (100) Silicon and Oxidised Silicon
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Figure 65: Graphical Representation of Specular Reflectivity 
Data Demonstrating Theoretical and Experimental Agreement 
for 1.0 um, 1.4 um and 2.0 um Thick Al-1%-Si Films 
Deposited at 75°C
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Figure 66: Graphical Representation of Specular Reflectivity 
Data Demonstrating Theoretical and Experimental Agreement 
for 1.0 iim. 1.4 um and 2.0 um Thick AM%-Si Films 
Deposited at 145°C
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Values of the rms surface roughness, cr, and smooth surface specular reflectivity, R^, 
derived by linear regression analysis are given in Table 13. Tlie wavelength region in 
which the theory holds was seen to vary with deposition variables and hence o. The 
calculated values of o  and Ro were seen to vary with film thickness and deposition 
temperature. The surface roughness increased with increasing film thickness and increasing 
deposition temperature. At film thicknesses of 1.0 jim and 1.4 )iim the deposition 
temperature was more effective than film thickness in altering a  compared to films 2.0 jxm 
thick, where film thickness effects would seem to be more important. The specular 
reflectivity of a perfectly smooth surface (^/X 0), Rq, for the films deposited at a given
temperature, decreased with increasing film thickness, Rq being slightly larger for films of 
equivalent thickness deposited at a lower temperature. Figures 67 and 68 show the output 
from a tallystep profilometer, with a tip radius of 12.5 |im, when it traversed the surface of
1.0 Jim and 3.0 jim thick Al-1%-Si films deposited at 110“C. The traces indicate that the
3.0 Jim  film had a rougher surface than the 1.0 jim  film. The roughness which was 
estimated by measuring the largest peak to peak variation and assuming a sinusoidal 
profile, gave values of rms surface roughness of 565 Â and 141 Â for the 3.0 jim  and
1.0 Jim thick films respectively, which were similar to the corresponding values of 
230 + 8 Â and 131 ±  1 Â deduced from specular reflectivity measurements. Table 14 shows 
the difference between the measured and calculated values of the specular reflectivity at 
250 nm  for films 1.0 jim, 1.4 jim and 2.0 jim thick deposited at 75"C and 145"C. There was 
an increase in the specular reflectivity above that calculated using the estimated values of 
the rms surface roughness and specular reflectivity of a smooth surface.
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Figure 67: Tallvstep Profile of a 1.0 tim Thick Al-1%-Si 
Film Deposited at 110°C
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Figure 68: Tallvstep Profile of a 3.0 um Thick Al-1%-Si
Film Deposited at 110°C
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This Increase was larger for thicker films deposited at a given temperature, and for films 
deposited at a higher temperature for films of equal thickness, except for a film thickness of
1.2 |xm where the increase was similar at both 75°C and 145"C. The film grain size at a 
given temperature increased as the film thickness increased and as the deposition 
temperature was increased for films of equal thickness, and thus behaves in a similar 
manner to the increase in specular reflectivity. According to equation 5 the increase in 
specular reflectivity should be proportional to R^T^o^, where T is a correlation distance and 
a  is the rms surface roughness.
Figure 69 shows a graph of the reflectivity increase at a wavelength of 250 nm versus 
RqD^o^, where the average grain size, D, has been used as an estimate of T. There was for 
each deposition temperature a trend of an increasing specular reflectivity increase with 
increased values of R^D^a^.
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Figure 69: The Variation of the Reflectivity Increase at 
250 nm with a Composite Structural Parameter. R^o^p^
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A straight line can be drawn through all the points apart from that for a film thickness of
1.0 pm at a deposition temperature of 75“C, which lies below the assumed straight line. 
This film was deposited using process C3 and had the lowest grain size of the measured 
films. The drawn straight line does not go through the origin as required by equation 5.
Figure 70 shows a graph of the surface roughness, a , against the average grain size from 
which an increased surface roughness is seen to be associated with an increased grain size. 
Figure 71 shows the measured specular reflectivity at a wavelength of 400 nm plotted 
against the average grain size. The graph shows that a large specular reflectivity is 
associated with films of small grain size. An attempt to correlate the specular reflectivity at 
400 nm with the measured XRD ratio for films 1.0 pm to 1.4 pm thick deposited at 75°C, 
110°C and 145“C is shown in Figure 72. At each temperature the specular reflectivity 
variation was caused by film thickness variation. At each deposition temperature a discrete 
curve can be drawn. At 145°C there was an almost linear decrease in the XRD ratio as the 
specular reflectivity increased, a minimum starts to develop in the relation at 110°C, while 
at 75“C a pronounced minimum in the XRD ratio occurred at a specular reflectivity of 83%.
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Figure 70: A Graph Illustrating the Correlation Between the 
Surface Roughness and the Average Grain Size of Ahl%-Si 
Films Deposited at 75°C and 145°C
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Figure 71: A Graph Illustrating the Correlation Between the 
Specular Reflectivity at 400 nm and the Average Grain 
Size of Al-1%-Si Films Deposited at 75°C and 145°C
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Figure 72: A Graph Depicting the Relationship Between 
the XRD Ratio and the Specular Reflectivity at 400 nm 
for Al-1%-Si Films Deposited onto (100) Silicon
121
5.2.1.2 The Influence of Metal Specular Reflectivity on the Photolithographic Process
In order to investigate the effect of the specular reflectivity of the sputtered Al-1%-Si layer 
on critical dimension control and automatic alignment success rate and accuracy, a batch of 
fifty product substrates was split into three groups, each group being processed at different 
deposition temperatures in continuous mode to give a range of specular reflectivities. A 
limit on the deposition temperatures chosen was the requirement that the deposited films 
specular reflectivities were above a specified minimum process control level. This led to the 
choice of deposition temperatures being 70°C, 110°C and 150°C. The deposited films were 
similarly required to be within the film thickness specification range and were therefore 
chosen to be 1.1 pm thick. Substrate identification, location and deposition details are given 
in Table 15. The substrates were then patterned using the standard photolithographic 
process designed to give a 2.8 pm wide photoresist linewidth for substrates with Al-1%-Si 
layers deposited at 110°C. The alignment stage being optimised, with respect to the 
threshold level on the Perkin-Elmer Micralign 300HT, for each set of substrates of a given 
specular reflectivity. The films were then dry etched, using a standard aluminium etch 
process, which gave a metal linewidth of 3.0 pm. The photoresist and metal linewidths 
disagree because of the resist profile and the threshold levels used during each 
measurement on the linewidth measurement system. In addition, the measured linewidth is 
highly dependent on the underlying layer which may cause additional problems, especially 
if attempting calibration to a SEM measured standard.
Figure 73 shows the variation of the specular reflectivity with wavelength for each set of 
deposition conditions used, measured using the nanospec on product substrates. 
Measurements were made on substrates 17, 36 and 18 from process one (70°C), 47, 38 and 
28 from process two (110“C) and 5, 4 and 33 from process three (150“C) in scribe lanes close 
to the substrate centre with an average value being calculated. Scribe lanes are used to 
separate complete integrated circuits from one another and in the present case were clear of 
all layers presenting a bare silicon channel, typically 50 pm wide, used when sawing the 
substrate into separate integrated circuits prior to packaging. Errors in the average specular
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reflectivity value tended to decrease as the wavelength increased and the uniformity was 
therefore better at longer wavelengths. The errors are not shown on the graph to retain 
clarity and range from a maximum +0.8 absolute percent at 400 nm to a minimum of +0.15 
absolute percent at 650 nm for deposition at 70“C, lower values being typical at 110“C and 
150“C. The uniformity at 400 nm, defined as the maximum specular reflectivity minus the 
minimum specular reflectivity divided twice by the average specular reflectivity, was 1.5%, 
0.5% and 1.2% at deposition temperatures of 70°C, 110“C and 150°C respectively. The 
specular reflectivity curves for each deposition temperature were distinct, with average 
specular reflectivities of 77.3 + 0.8%, 73.6 + 0.2% and 66.2 + 0.5% at 400 nm for deposition 
temperatures of 70“C, 110°C and 150"C respectively. The specular reflectivity was 
re-measured after photoresist processing and was found to be unchanged, as indicated in 
Figure 73. A slightly higher average specular reflectivity was found in device areas where 
an underlying LPCVD oxide layer (LOPOX) was present and this is indicated on Figure 73 
for a deposition temperature of 70°C.
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Figure 73: The Variation of Specular Reflectivity with 
Wavelength of Al-1%-Si Films Deposited onto Product 
Substrates at Deposition Temperatures of 70°C, 110°C and 150°C
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Figure 74 shows a comparison between the specular reflectivities, measured on the 
nanospec and the specular reflectivity attachment to the UV-spectrophotometer, between 
400 nm  and 650 nm on dummy substrates, D l, D4 and D7 from process one (70"C), D17, 
D20 and D23 from process two (110“C) and D9, D12 and D15 from process three (150°C). 
The uniformity at 400 nm was typically 0.5% for both methods of measurement. The two 
methods show good agreement, which was best for films deposited at 70°C and worst for 
films deposited at 150°C, especially at the shorter wavelengths where at 400 nm the 
nanospec gave a reading 2.5% higher in absolute specular reflectivity. By comparing 
Figures 73 and 74 it can be seen that the specular reflectivity measured on product 
substrates was lower than that measured on the dummy substrates deposited under the 
same conditions.
Figures 75 and 76 show the alignment accuracy and photoresist critical dimension size, and 
post-etch critical dirhension as a function of the average specular reflectivity of the 
as-deposited Al-1%-Si layer. The alignment accuracy and photoresist critical dimension size 
were measured on verniers and test structures respectively, present in scribe channels at 
five sites per substrate and on five substrates per deposition condition. Post-etch critical 
dimension size was measured at five sites on three substrates per deposition condition. The 
alignment accuracy and critical dimension results are separated in terms of specular 
reflectivity because alignment occurs at 546 nm and 578 nm and exposure, which 
determines critical dimension size, at 405 nm and 436 nm, the results being plotted at the 
average weighted specular reflectivity at these wavelengths. Errors in the alignment 
accuracy and critical dimension size are given in the figures. Alignment accuracy was seen 
to improve with reduced average specular reflectivity, decreasing from 0.343 pm + 0.075 pm 
to 0.245 pm  + 0.095 pm as the average specular reflectivity at 546 nm/578 nm fell from 
85.1% + 0.5% to 78.0% + 0.6%. Both photoresist and post-etch critical dimension size 
increased as the average specular reflectivity at 405 nm /436 nm decreased. The photoresist 
critical dimension size increased from 2.690 pm + 0.013 pm at an average specular 
reflectivity of 78.8% + 0.8% to 2.807 pm + 0.001 pm at an average specular reflectivity of 
68.3% + 0.7%, while post-etch critical dimension size increased from 2.96 pm ±  0.02 pm to
3.02 pm + 0.02 pm.
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Figure 74: A Comparison Between the Specular Reflectivity 
Measured Using the Nanospec and Specular Reflectivity 
Attachment to the UV-Spectrophotometer
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Figure 75: Alignment Accuracy and Photoresist Critical 
Dimension Size as a Function of Al-1%-Si Reflectivity
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Figure 76: Post-Etch Critical Dimension Size as a Function 
of Al-1%-Si Specular Reflectivity
5.2.2 Batch Mode Deposition
This section describes the results of specular reflectivity measurements made on Al-1%-Si 
films deposited using batch mode. It is divided into two parts dealing with deposition 
using the Electrotech MS5200 (Section 5.2.2.1) and the Electrotech MS6200 (Section S.2.2.2). 
Films deposited using the Electrotech MS5200 were between 0.5 pm and 1.4 pm thick and 
were deposited at a fixed temperature (llO^C) using one or ten revolutions. Specular 
reflectivity was monitored at two out of the fourteen substrate positions on films deposited 
onto silicon substrates. This was followed by a more detailed study of the specular 
reflectivity at all eight of the substrate positions in the Electrotech MS6200, for films 2.7 pm 
to 3.3 pm thick, deposited using various numbers of revolutions and deposition 
temperatures onto both (100) silicon substrates and (100) silicon substrates with a 
1 pm + 0.1 pm LPCVD oxide layer (LOPOX), onto which the Al-1%-Si layer is deposited 
during device manufacture, and which will subsequently be identified as a LOPOX 
substrate.
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5.2.2.1 Deposition Using the Electrotech MS5200
In order to investigate the effect of the film thickness, the number of revolutions during 
deposition and possible changes in film quality with time during a series of depositions, a 
sequence of Al-1%-Si film depositions, as indicated in Table 9, were performed. The 
specular reflectivity was monitored on Al-1%-Si films deposited onto (100) silicon substrates 
at substrate positions six and thirteen.
Figure 77 shows the variation of specular reflectivity with wavelength for films deposited 
using deposition conditions B1 and B6 at substrate position six. The films were deposited 
using identical deposition conditions, the only difference between the depositions being that 
B1 was the first deposition of the day and that B6 was deposited after using the system 
continuously in batch mode since processing Bl. The specular reflectivity of the film 
deposited using process Bl was approximately the same as that deposited using process B6 
above a wavelength of 600 nm, however below 600 nm the specular reflectivity was reduced 
compared to B6, the difference increasing steadily as the wavelength was reduced to 
250 nm. The results at position thirteen were similar to position six.
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Figure 77: Comparison of the Specular Reflectivitv Between
Batch Depositions Bl and B6
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Figures 78 and 79 show the variation of specular reflectivity with wavelength for a 1.2 pm 
thick film deposited using one and ten revolutions at substrate positions six and thirteen. 
For one revolution the specular reflectivity of Al-1%-Si films deposited at substrate position 
six was greater tlian that at substrate position thirteen for all wavelengths from 250 nm to 
800 nm. For ten revolutions the specular reflectivity at positions six and thirteen were 
much closer together than for one revolution, with the value of the specular reflectivity at 
both positions tending towards the value for one revolution at position six.
5.2.2.2 Deposition Using the Electrotech MS6200
The Electrotech MS6200 was used to deposit Al-1%-Si films in the thickness range 2.7 pm to
3.3 pm, onto either (100) silicon or LOPOX substrates occupying all eight of the substrate 
positions, so that the effect of the number of revolutions during deposition, deposition 
temperature, film thickness and substrate position on the deposited film's specular 
reflectivity could be assessed. Deposition conditions and the sequence of the depositions 
are given in Table 10. Prior to the investigation of deposition parameters, a dummy 
deposition onto (100) silicon substrates was carried out to put the sputtering system into a 
known state. This was followed by depositions onto silicon and then LOPOX substrates 
using the standard deposition process for the targets accumulated power, so that spurious 
effects from one series of depositions to another could be estimated.
Figure 80 shows typical data on the variation of specular reflectivity with wavelength for 
films deposited using the dummy and standard deposition processes at substrate position 
one using both (100) silicon and LOPOX substrates. Errors in specular reflectivity 
measurement were typically less than +0.2 absolute percent at all wavelengths. It should be 
noted that the deposition conditions for processes HGl(D), HG2 and HG3 were different to 
that for HG15 and HG16 which were deposited at a later date using a different set of 
targets at a lower accumulated target power. The variation of specular reflectivity with 
wavelength for all the deposited films followed the trend described earlier for continuous 
mode deposition. Section 5.2.1.1, and shows a maximum in the region of 700 nm, with the
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Figure 78: A Comparison of the Specular Reflectivitv Between 
Positions Six and Thirteen for a 1.2 urn Thick Film Deposited 
Using One Revolution
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Figure 79: A Comparison of The Specular Reflectivitv Between 
Positions Six and Thirteen for a 1.2 um Thick Film Deposited 
Using Ten Revolutions
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specular reflectivity decreasing at either side. The shape of the specular reflectivity versus 
wavelength curves were similar to one another with each curve remaining separate from the 
others except at longer wavelengths where the curves, apart from that for process HG3, 
tended to converge. The specular reflectivity below the maximum value was larger for 
process HG2 than HGl(D) at any given wavelength, where both depositions were carried 
out using identical deposition conditions onto (100) silicon substrate at substrate position 
one in the sequence, HGl(D) followed by HG2, HGl(D) being the initial dummy deposition. 
The deposition onto a LOPOX substrate at substrate position one gave a film of reduced 
specular reflectivity at all wavelengths compared to deposition onto a (100) silicon substrate 
under identical conditions, as seen by comparison of curves HG2 and HG3, and HG15 and 
HG16. Figure 81 compares the variation of specular reflectivity with wavelength for 
as-deposited and annealed films deposited onto (100) silicon and LOPOX substrates at 
substrate position one, using processes HG15 and HG16 respectively. Annealing at 450°C 
for thirty minutes in flowing H2 reduced both the total specular reflectivity at all 
wavelengths and the difference between the specular reflectivity of films deposited onto 
(100) silicon and LOPOX substrates.
The variation of specular reflectivity at 400 nm with substrate position, for the standard 
deposition processes HGl(D), HG2 and HG3 and HG15 and HG16, in use for deposition 
using different sets of targets at different accumulated target powers, are shown in 
Figures 82 and 83. Instrumental errors in the specular reflectivity at a given position were 
less than 0.05 absolute percent.
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Figure 80: A Comparison of the Variation of Specular Reflectivitv 
with Wavelength for Several 3.0 um Thick Al-1%-Si Films 
Deposited in Batch Mode
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Figure 81: A Comparison of the Variation of Specular Reflectivitv 
with Wavelength for as-Deposited and Annealed 3 um 
Thick Al-1%-Si Films
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Figure 82: The Variation of Specular Reflectivitv at 400 nm with 
Substrate Position for Deposition Conditions HGl(D), HG2 and HG3
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Figure 83: The Variation of Specular Reflectivitv at 400 nm with 
Substrate position for Deposition Conditions HG15 and HG16
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The depositions using processes HGl(D), HG2 and HG3 were sequential depositions using
the identical process conditions of thirty revolutions, a deposition temperature of 140“C, a
deposition power of 8,24 kW, an argon sputtering pressure of 5 mT and deposition time of 
ten minutes, giving a 3 |im thick film. Both processes HGl(D) and HG2 were used to 
deposit films onto (100) silicon substrates, the aim of process HGl(D) being to mimic the 
production of devices where, if the sputtering system was idle for a period of time, a 
deposition onto dummy substrates was performed prior to processing device substrates to 
ensure the correct operation of the system and to establish uniform process conditions. 
Process HG3 was used to deposit films onto LOPOX substrates. It can be seen that there 
was a considerable variation of specular reflectivity between substrate positions with
position one having the largest specular reflectivity and position five the lowest for each 
process condition. Average specular reflectivity values and the uniformity of the specular 
reflectivity over all substrate positions are given in Table 16. The average specular
reflectivity and uniformity of films deposited onto LOPOX substrates were lower than those 
deposited onto (100) silicon substrates, while films deposited in the dummy deposition onto 
silicon had both a lower average specular reflectivity and uniformity compared to films 
deposited in the subsequent deposition onto (100) silicon.
SEM photographs of films deposited at positions one and five using process HG3 are 
shown in Figures 47 and 48 respectively. Grain size data is given in Table 12. Considering 
(100) silicon and LOPOX substrates separately, the films with the lowest specular reflectivity 
had the largest grain size, although the difference was small for films deposited onto 
LOPOX substrates where the grain size and specular reflectivity was less than for films 
deposited onto (100) silicon. The grain size at substrate position five for deposition onto 
(100) silicon and LOPOX substrates were 3.06 pm + 0.19 pm and 2.91 pm + 0.21 pm 
respectively, which were associated with specular reflectivities at 400 nm of 61.36 + 0.02% 
and 54.62 + 0.01% respectively. It was noticeable that films deposited onto substrates at 
position five, which had lower specular reflectivities, tended to have more pronounced grain 
boundary grooves than those deposited at position one, which had higher specular 
reflectivities, for films deposited onto both (100) silicon and LOPOX substrates.
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Figure 83 is an equivalent graph to Figure 82 for 3 pm thick films deposited using 
processes HG15 and HG16 onto (100) silicon and LOPOX substrates respectively. There was 
no need for an initial dummy deposition, since the system had been in operation
immediately prior to experimentation. The process used differed from the previous
standard process with the use of a deposition time of twelve minutes and a deposition 
power of 6.54 kW; the power would be lower than that used previously because of the 
lower accumulated power of the target, resulting in less target erosion, and hence a higher 
deposition rate, but this was additionally lowered by the use of a longer deposition time. 
The use of a longer deposition time was a technique used to increase the monitored 
specular reflectivity for films deposited on (100) silicon at substrate position eight where 
otherwise this would fall below a set process specification limit. The specular reflectivity
variation with substrate position at 400 nm is noticeably different from that seen in
Figure 82. For films deposited onto (100) silicon, the specular reflectivity had increased at 
substrate positions five to eight and decreased at substrate positions one to four. Maximum 
specular reflectivity was obtained for films deposited at substrate position eight, where the 
specular reflectivity had increased by 2.4 absolute percent compared to a film deposited 
using process HG2, while the minimum specular reflectivity was at substrate position three, 
which shows a 2.6 absolute percent loss of specular reflectivity compared to a film 
deposited using process HG2. Specular reflectivity uniformity was lower for films deposited 
using process HG16 where it was 4.7% compared to 2.8% obtained using process HG2, 
although the average specular reflectivity is similar in both cases (Table 16). A similar 
trend was visible for films deposited onto LOPOX substrates which showed a maximum 
specular reflectivity at position one and a minimum at position three.
SEM photographs of films deposited at positions one and five (Figures 49 and 50) show 
that the film surface appeared to be different to that seen previously (Figures 47 and 48). 
The grain size (Table 15) was larger for films deposited at position one, which had a 
specular reflectivity of 62.35 + 0.05% at 400 nm and grain size of 3.05 fxm + 0.21 |im, 
compared to position five, which had a corresponding specular reflectivity and grain size of 
57.12 + 0.05% and 2.53 |im + 0.15 pm respectively. In addition the films showed a number
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of intra-grain hillock-like features not previously seen.
Figures 84 and 85 show the variation of specular reflectivity at 400 nm with substrate 
position for films nominally 2.7 pm, 3.0 pm and 3.3 pm thick deposited onto (100) silicon 
and LOPOX substrates respectively. Errors in the specular reflectivity due to instrumental 
factors were below 0.1 absolute percent. To alter the film thickness the deposition power 
was adjusted, thus altering the deposition rate.
It should be noted that the tooling factor altered during this investigation and thus made 
the interpretation of results more difficult. For deposition of 3.3 pm thick films the process 
time had to be increased from ten minutes to ten minutes and thirty seconds to reduce the 
target power required to 9.08 kW to avoid undesirable target heating effects. The variation 
of specular reflectivity at 400 nm with film thickness can be seen to depend on substrate 
position for films deposited onto both (100) silicon and LOPOX substrates. Comparison of 
the specular reflectivity of films nominally 2,7 pm and 3.3 pm thick on LOPOX substrates 
showed that the specular reflectivity increased by 1.6 absolute percent at position three and
5.4 absolute percent at position eight as the film thickness was reduced from 3.3 pm to
2.7 pm. The average grain size for a film deposited at substrate position eight increased 
from 2.65 pm ±  0.16 pm to 3.15 pm ±  0.20 pm as the nominal film thickness increased from
2.7 pm and 3.3 pm.
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Figure 84: The Variation of Specular Reflectivitv at 400 nm 
with Film Thickness and Substrate Position for Al-1%-Si Films 
Deposited onto (100) Silicon Substrates
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Figure 85: The Variation of Specular Reflectivitv at 400 nm
with Film Thickness and Substrate Position for AI-l%-Si Films
Deposited onto LOPOX Substrates
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The variation of specular reflectivity at 400 nm for films deposited using various number of 
revolutions onto (100) silicon and LOPOX substrates is shown in Figures 86 and 87. The 
data is divided into two because of the different positional dependence of the specular 
reflectivity between the standard deposition conditions prior to each experiment. Figure 86 
comparing twenty, thirty and forty revolutions and Figure 87 thirty and seventy-two 
revolutions, for otherwise fixed deposition temperature conditions. Figure 86 shows that 
increasing the number of revolutions for films deposited onto (100) silicon substrates 
reduces the variation of specular reflectivity with substrate position. The average specular 
reflectivity at 400 nm increased as the number of rotations decreased from 62.8 + 0.6% at 
400 nm  for forty revolutions to 64.8 + 0.6% for twenty revolutions. The specular reflectivity 
uniformity ranged from +3.14% for thirty revolutions to +3.93% for forty revolutions. At 
position one specular reflectivities of 67.50 + 0.05%, 66.08 + 0.05% and 65.33 + 0.05% at 
400 nm  were obtained for 3 pm thick films with average grain sizes of 2.65 pm + 0.17 pm, 
2.40 pm + 0.18 pm and 2.81 pm  + 0.20 pm respectively.
For films deposited onto LOPOX substrates the average specular reflectivity was lower than 
for the equivalent deposition onto (100) silicon substrates. The variation of specular 
reflectivity with substrate position was almost the same for films deposited using twenty 
and forty revolutions, with the specular reflectivity at each substrate position being greater 
than for thirty revolutions. The average specular reflectivity increased from 56.4 + 0.6% at 
400 nm for thirty revolutions to 57.9 + 0.6% for twenty revolutions. The uniformity at 
400 nm  was worse than for the equivalent depositions onto (100) silicon substrates and 
ranged from +3.9% for forty revolutions to +4.5% for thirty revolutions. Figure 87 compares 
the specular reflectivity variation at 400 nm with substrate position for films deposited 
using thirty and seventy-two revolutions onto (100) silicon and LOPOX substrates. Apart 
from substrate position four for films deposited using thirty revolutions onto LOPOX 
substrates the specular reflectivity at 400 nm at each substrate position was larger for the 
deposition using seventy-two revolutions, the specular reflectivity of films deposited onto 
(100) silicon substrates being larger than those deposited onto LOPOX substrates. The 
average specular reflectivity at 400 nm increased from 64.3 + 0.8% to 66.4 + 0.6% on (100) 
silicon substrates, and from 58.6 + 0.9% to 60.1 + 0.8% on LOPOX substrates as the number
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Figure 86: The Variation of Specular Reflectivitv at 400 nm  with the 
Number of Rotations During Deposition for 3 um Thick A1-1%-S1 Films
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Figure 87: The Variation of Specular Reflectivitv at 400 nm with the 
Number of Rotations During Deposition for 3 um Thick Al-1%-Si Films
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of revolutions increased from thirty to seventy-two. An improvement in specular 
reflectivity uniformity at 400 nm was obtained using seventy-two revolutions, where the 
uniformity was +3.6% and +5.5%, for films deposited onto (100) silicon and LOPOX 
substrates respectively, compared to +4.7% and +5.8% using thirty revolutions.
The variation of specular reflectivity at 400 nm will substrate position for films deposited at 
100°C, 140”C and 180°C, under otherwise standard conditions, onto (100) silicon and LOPOX 
substrates are shown in Figures 88 and 89 respectively.
For films deposited onto both (100) silicon and LOPOX substrates there was no single 
temperature of deposition which gave films of the largest specular reflectivity at all 
substrate positions. For films deposited onto (100) silicon at position two the maximum and 
minimum specular reflectivities at 400 nm  of 65.40 + 0.05% and 61.03 + 0.05% were 
achieved at deposition temperatures of 180°C and 100°C, while at substrate position five the 
maximum and minimum specular reflectivities of 65.04% + 0.05% and 62.09% + 0.05% were 
achieved at deposition temperatures of 140“C and 180°C respectively. At substrate position 
five, for films deposited onto LOPOX substrates^ there was no correlation between the 
specular reflectivity at 400 nm and the films average grain size, with specular reflectivity 
values of 57.12 + 0.05%, 58.91 + 0.05% and 61.67 + 0.05% achieved at deposition 
temperatures of 140“C, 180°C and 100"C respectively, corresponding to average grain sizes of 
2.53 |im  + 0.15 pm, 2.63 pm + 0.16 pm and 2.48 pm + 0.14 pm.
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Figure 88: The Variation of Specular Reflectivity with the 
Deposition Temperature for 3 urn Thick Al-1%-Si Films Deposited 
onto (100) Silicon Substrates
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Figure 89: The Variation of Specular Reflectivity with the
Deposition Temperature for 3 u.m Thick Al-1%-Si Films Deposited
onto LOPOX Substrates
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The effect of annealing on the variation of the specular reflectivity at 400 nm with substrate 
position is illustrated in Figure 90 for as-deposited and annealed 3 pm thick films deposited 
onto (100) silicon substrates, using process HG15, and LOPOX , substrates, using process 
HG16. Annealing at 450“C for thirty minutes in flowing H2 reduced both the specular 
reflectivity and difference in specular reflectivity between films deposited onto (100) silicon 
and LOPOX substrates. There was no change in grain size after annealing (Table 12) 
although there was some hillock formation (Figures 49 and 50 and 53 and 54).
Using the first term of equation 5 it is possible to calculate values of the rms surface 
roughness, cr, and smooth surface limit specular reflectivity R(^A -> o) = R^, from the 
variation of the specular reflectivity with wavelength (see Section 5.2.1.1). Table 17 gives 
values of a  and Rq for several batch mode deposited films. The wavelength range in 
which the equation was found to hold was 450 nm to 650 nm, with the specular reflectivity 
being larger than predicted below 450 nm. Films deposited at substrate position one had a 
lower value of a  and larger value of Rq than those deposited at substrate position five for 
deposition processes HG2, HG3 and HG16. Films deposited onto (100) silicon compared to 
LOPOX had lower values of a  and larger values of R^. Annealing of films deposited onto 
LOPOX substrates at substrate positions one and five at 450°C for thirty minutes in flowing 
H2 caused an increase in a  and a large decrease in Rq.
Figure 91 shows the specular reflectivity at 400 nm  for several films deposited under 
various conditions plotted against the measured average grain size. The data shows no 
discernable trend linking the two variables.
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Figure 90: The Variation of Specular Reflectivity at 400 nm for 
3 um Thick as-Deposited and Annealed Al-1%-Si Films
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CHAPTER 6 
ELECTRICAL RESULTS
6.1 Introduction
This chapter describes the results of sheet resistance measurements made on AI-l%-Si films 
deposited in batch mode using the Electrotech MS6200. Measurements were made on films 
deposited at all substrate positions for the series of depositions HGl(D) to HG14 inclusive, 
enabling comparison of results for differing numbers of rotations and film thicknesses for 
(100) silicon and LOPOX substrates. Sheet resistance measurements and not resistivity are 
reported because of its ease of measurement and because of the fairly crude facilities 
available for film thickness measurement which is required to convert sheet resistance data 
into resistivity values.
6.2 Variation of Sheet Resistance in Batch Mode
The average sheet resistance and sheet resistance uniformity of Al-1%-Si films deposited 
using processes HGl(D) to HG14 are given in Table 18, where the results are presented in 
the sequence that the films were measured. The sheet resistance of a standard Al-1%-Si 
film was measured at regular intervals as indicated. In Figure 92 the average sheet 
resistances are plotted in sequence for films nominally 3 |xm thick. The sheet resistance of 
the standard was seen to increase during the measurement sequence. A similar trend was 
seen for the average sheet resistance of nominally 3 pm thick Al-1%-Si films deposited onto 
(100) silicon or LOPOX substrates when they were considered separately, with the average 
sheet resistance of Al-1%-Si films deposited onto LOPOX substrates being less than for the 
corresponding deposition onto (100) Silicon, The sheet resistance of the nominally 2.7 pm 
and 3.3 pm thick films may be additionally shifted with respect to the previous depositions 
because of changes in the tooling factor during their deposition (see Table 10), causing the 
film thickness to alter via a change in deposition rate.
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Table 18: Average Sheet Resistance and Sheet Resistance Uniformity for Deposition Processes HGl(D) to HG14 Inclusive
Process Average Sheet 
Resistance 
mQ/D mQ/ 0
Uniformity
%
Standard 20.84 0.18 ±2.16
HGl 8.5525 0.0089 ±2.05
HG2 8.6119 0.0075 ±1.74
HG3 8.5769 0.0063 ±1.46
Standard 21.10 0.15 ±1.78
HG4 8.6300 0.0081 ± 1.88
HG5 8.6056 0.0081 ±1.89
HG6 8.6963 0.0081 ±1.87
HG7 8.6450 0.0088 ±2.02
Standard 21.22 0.14 ±1.65
HG8 8.7019 0.0094 ±2.15
HG9 8.7113 0.0069 ±1.58
HGIO 8.6619 0.0056 ±1.30
H G ll 9.3700 0.0075 ±1.60
HG12 9.1107 0.0075 ±1.65
HG13 7.6106 0.0081 ±2.14
HG14 7.5669 0.0075 ±1.98
Standard 21.23 0.13 ±1.51
CTj^  is the standard deviation of the sheet resistance from the mean. Uniformity is 
the difference between the maximum and minimum sheet resistance divided by 
twice the average sheet resistance. Five readings were averaged on one substrate 
for the standard, while five readings each on eight substrates were averaged for 
each deposition process.
Bearing in mind the possibility of absolute shifts in sheet resistance as, described above, 
comparisons between different deposition processes were based on the dependence of the 
sheet resistance on substrate position. This is shown for deposition using the standard 
processes HGl(D), HG2 and HG3 in Figure 93, where HGl(D) is the dummy deposition 
onto (100) silicon and HG2 and HG3 are depositions onto (100) silicon and LOPOX
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respectively. It is evident that there is a variation of sheet resistance with substrate position 
which is fairly similar for the three sets of depositions, with positions one and seven 
showing lower sheet resistance values than other positions.
Figures 94 and 95 compare the variation of sheet resistance with substrate position for films 
deposited using twenty, thirty and forty revolutions onto (100) silicon and LOPOX 
substrates respectively. For films deposited onto (1(X)) silicon substrates using forty 
revolutions, the sheet resistance showed a large peak at substrate positions three and four, 
which was not seen for films deposited using twenty or thirty revolutions, which both 
showed a low sheet resistance at substrate position seven, and maxima at positions three 
and six and two and five respectively. For films deposited onto LOPOX substrates the 
sheet resistance tended to peak at position four with lower values being associated with 
positions one and seven.
Figures 96 and 97 compare the variation of sheet resistance with substrate position for films
2.7 pm  and 3.3 pm thick deposited onto (100) silicon and LOPOX substrates respectively. 
The variation of sheet resistance with substrate position for 2.7 pm thick films was different 
for films deposited onto (100) silicon and LOPOX substrates. The variation was more 
gradual for films deposited onto (100) silicon substrates with a fairly broad maximum in 
sheet resistance around substrate position four, compared to LOPOX substrates, where there 
were maxima at substrate positions four and six. Both had a minimum sheet resistance at 
substrate position seven. It should be noted that there was a tooling factor change during 
the sequence of depositions for one of the targets for films deposited onto (100) silicon 
substrates while both targets had identical tooling factors for deposition onto LOPOX 
substrates (Table 10). Figure 97 shows the variation of sheet resistance with substrate 
position for 3.3 pm thick films deposited onto silicon and LOPOX substrates. The variation 
on each substrate was similar with maxima at positions two and four and minima at 
position seven.
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Sheet Resistance niQ/ []8.80 21.3
21.28.75
21.1
8.70 21.0
8.65 20.9
20.88.60
20.7
8.55 20.6
8.50 20.5
S I  2 3 S 4 5 6 7 S 8 9 1  1 1 1 1 S
Standard
0 1 2  3 4
Process Identification 
+  silicon Substrate ^  Oxide Substrate
Figure 92: The Variation of Sheet Resistance Purine the 
Sheet Resistance Measurement Sequence
Sheet Resistance m D ./ []8.70
8.65
8.60
8.55
8.50
8.45
1 2 3 4 5 6 7 8
Process HGl
Substrate Position 
+ Process HG2 * Process HG3
Figure 93: A Comparison of the Variation of the Sheet 
Resistance with Substrate Position for Deposition Processes 
HGKD). HG2 and HG3
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Sheet Resistance m O/ D8.85
8.8
8,75
8.7
8.65
8.6
8.55
8.5
1 4 5 7 83 92 60
Process HG4 20 Rev. 
*  Process HG6 40 Rev.
Substrate Position
+  Process HG2 30 Rev.
Figure 94; A Comparison of the Variation of Sheet Resistance 
with Substrate Position for Al-1%-Si Films Deposited Using 
Twenty. Thirty and Forty Revolutions onto (100) Silicon Substrates
Sheet Resistance m Q ./ D8.75
8.70
8.65
8.60
8.55
8.50
1 2 3 4 5 6 7 8
Process HG5 20 Rev. 
*  Process HG7 40 Rev.
Substrate Position
Process HG3 30 Rev.
Figure 95: A Comparison of the Variation of Sheet Resistance 
with Substrate Position for Al-1%-Si Films Deposited Using 
Twenty, Thirty and Forty Rotations onto LOPOX Substrates
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Sheet Resistance nxQ./ []9.5
9.4
9.3
9.2
9.1
73 4 6 851 2
Substrate Position
Process HGl 1 Si Process HGl2 LOPOX
Figure 96: A Comparison of the Variation of Sheet Resistance 
with Substrate Position for Al-1%-Si Films 2.7 um Thick 
Deposited onto (100) Silicon and LOPOX Substrates
Sheet Resistance m O / D7.75
7.65
7.55
7.45
1 32 4 5 76 8
Substrate Position
Process HGl 3 Si + Process HGl4 LOPOX
Figure 97: A Comparison of the Variation of Sheet Resistance
with Substrate Position for Al-1%-Si Films 3.3 um Thick
Deposited onto (100) Silicon and LOPOX Substrates
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CHAPTER 7 
DISCUSSION OF RESULTS
7.1 Introduction
This chapter presents a  detailed discussion and interpretation of the results presented in 
Chapters 4, 5 and 6 which dealt with the structural, optical and electrical properties of dc 
magnetron sputtered AI-l%-Si films. It is divided into sections, corresponding to the 
aforementioned properties, which are themselves divided with respect to results obtained 
using continuous and batch modes of deposition.
7.2 Structural Results
This section is divided into two parts dealing with results obtained in continuous and batch 
modes of deposition, where the results obtained from films deposited on the Electrotech 
MS5200 and Electrotech MS6200 are discussed together.
7.2.1 Continuous Mode Deposition
The main results of the structural investigation of films deposited in continuous mode, 
described in Chapter 4 (Section 4.2.1), can be summarised as follows:
(a) Al-1%-Si films deposited onto (100) silicon substrates or (100) silicon substrates
covered with a thermal oxide had a preferred (111) orientation.
(b) The orientation of Al-1%-Si films, quantified by the XRD ratio was dependent
on:
(i) the substrate,
(ii) the film thickness, and 
(iii) the deposition temperature.
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(c) Al-1%-Si films of a fixed thickness, deposited under identical conditions, had a 
larger XRD ratio when deposited onto a (100) silicon substrate covered with a 
thermal oxide 500 Â - 1000 Â thick, than when deposited onto a (100) silicon 
substrate. For 5000 Â thick thermal oxides the increase in the XRD ratio was 
less than for thinner oxides.
(d) There was a general trend of the XRD ratio increasing with film thickness, for 
Al-1%-Si films deposited onto (100) silicon substrates or (100) silicon substrates 
covered with a thermal oxide. There was a particularly rapid rise in the XRD 
ratio above a given film thickness, which occurred for increased film thickness 
as the deposition temperature decreased. The XRD ratio fell at larger film 
thicknesses, the film thickness at which the decrease occurred increasing with 
decreasing deposition temperature.
(e) At low film thicknesses, below the thickness at which the XRD ratio was seen 
to increase rapidly, the XRD ratio was larger for films deposited at lower 
temperatures.
(f) The deposited Al-1%-Si films were polycrystalline with an average grain size 
and grain size distribution which depended on:
(i) the film thickness, and
(ii) the deposition temperature.
(g) The average grain size was comparable to the film thickness and increased 
with increasing film thickness and deposition temperature.
(h) Grain size uniformity improved with decreasing film thickness.
(i) Activation energies for grain growth deduced from average grain sizes at 75°C 
and 145”C were small and comparable for 1.0 pm, 1.4 pm and 2 pm thick 
films, where the activation energies were 0.08, 0.06 and 0.07 eV respectively.
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(j) The width of the (111) X-ray diffraction peak at half maximum height was
between 0.168° and 0.173°. The (200) X-ray diffraction peak varied between 
0.180° and 0.192°. Errors in the width were estimated at +0.004°.
The stronger (111) and weaker (200) orientation observed in Al-1%-Si films, deposited using 
continuous mode, is a phenomena seen extensively for A1 and A1 alloy films deposited onto 
silicon with and without a surface thermal or deposited oxide layer using both 
evaporation^^^"^^] (Table 1) and sputtering^^^"^^^ (Table 2). The tendency of the (111) plane 
to form parallel to the substrate surface can be explained using surface energy 
considerations where, for a face centred cubic metal such as aluminium, the (111) plane has 
the lowest surface energy^^^^"^^^l This has been postulated by Junginger et al^^^^^ to 
explain the (111) orientation of electroless copper films where the (111) plane has a lower 
surface energy than the (200) or (220) planes, which, when combined with its lower growth 
rate led to the disappearance of planes of (200) and (220) orientation as the film thickness 
was increased. Models of grain growth which incorporate surface energy anisotropy^^^'^^^ 
also predict that eventually, as the film thickness increases the whole film surface will be 
covered with grains of low surface energy, leading to a fairly uniform surface grain 
structure. This general trend of a (111) orientation, which increases with film thickness, can 
only give a basis for further explanation of the effects of substrate type, film thickness and 
deposition temperature on the observed orientation, as quantified by the magnitude of the 
XRD ratio. The magnitude of the XRD ratio is determined by the number of diffracting 
planes of each orientation parallel to the substrate surface, and therefore will alter if there is 
nucléation of new material with a different orientation or changes in the orientation of 
material already deposited.
The trend of an increase in the XRD ratio to a maximum as the film thickness increased 
and then decrease as the film thickness was increased further, was a common trend at all 
deposition temperatures investigated. This trend will be discussed initially and will be 
followed by a discussion of the effect of the deposition temperature on the XRD ratio. The 
increase in the ratio was most likely to be caused by the preferential growth of (111) planes 
parallel to the substrate surface, as previously discussed; this is supported by the grain size
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and grain size distribution results which indicate an increasing average grain size and an 
increase in the number of grains with large diameters as the film thickness was increased. 
The subsequent decrease in the XRD ratio at large film thicknesses was also associated with 
a continuing increase in  the average grain size, and a grain size distribution showing no 
increase in the number of low diameter grains which, if present, would imply the 
renucleation of new material at the surface. This suggests that the changes in the XRD 
ratio must have been due to changes in the number of (111) planes lying parallel to the 
substrate surface due to changes in the angular distribution of diffracting planes present in 
the film. Experimental investigations of aluminium film structure in the literature generally 
only investigate orientation at a fixed film thickness of typically 0.5 pm or 1.0 pm. 
However Mayadas et al^^^  ^ have shown there to be a film thickness, in the region of 
5000 Â, where the (111) orientation of evaporated AI films on oxidised silicon substrates 
increased sharply. The investigation covered films from 0.1 pm to 1.0 pm thick and tends 
to support the present work in there being a thickness at which the orientation of a 
deposited A1 film increases sharply. The data of Rhodin^^^^ on the (100) orientation of 
evaporated A1 films on (100) surfaces of ionic crystal substrates shows a decrease in the 
orientation as the film thickness was increased. Comparison of the data with the present 
work is difficult since Rhodin^^^^ looked at the orientation at widely spaced thicknesses, 
going from 0.25 pm to 2.5 pm in the region of interest for results presented here, while the 
effect was small at low evaporation temperatures. It does however demonstrate that the 
observed orientation can be thickness dependent and that possible changes in the film 
orientation with film thickness may be undetected if they occur over a fairly narrow 
thickness range. The present data would, for example, show little difference in the XRD 
ratio at a deposition temperature of 145°C for films between 1.0 pm and 2.0 pm thick, 
although a large difference would be noticeable at deposition temperatures of 110°C and 
75°C for the same thickness range. The variation in the angular distribution of diffracting 
planes has not been reported in the literature for films of differing thickness, although 
Queirolo et al^^^  ^ have shown that for sputtered Al-Si films the angular distribution of 
planes with respect to the substrate surface vary with temperature. However the method of 
temperature control in the Electrotech system would probably lead to different film
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temperatures at different film thicknesses, because control was of the temperature at a fixed 
point in the deposition system and not at the substrate surface. The temperature of the 
film during deposition depends on the heat of condensation and kinetic energy of the 
deposited atoms, and the kinetic energy of argon ions and their heat of neutralisation, both 
of which depend on the length of time spent in the plasma during deposition, and the heat 
transfer from the film. The temperature rise will therefore increase with increased film 
thickness. Following Pargellis et al^lOl] temperature rise due to A1 atom heat of 
condensation and kinetic energy would be 60“C, for a 1 pm thick A1 film neglecting heat 
losses, and assuming an A1 kinetic energy of 7.5 eV per atom, with ion kinetic energy and 
heat of neutralisation contributing an additional rise depending on the ion current to the 
substrate. Such a temperature increase in going from films 1 pm thick to 2 pm thick or 
greater may account for the observed decrease in the XRD ratio at large thicknesses, 
although it does not explain the physical mechanism behind the change.
The physical mechanism behind the effect may be an increase in the film stress, due to 
thermal mismatch, as the deposition temperature increases^-^^^'^^^'^^^^. Although film stress 
should effect the position and width of the X-ray diffraction lines obtained from the film, a 
number of other effects lead to uncertainty in attempting to calculate its contribution. The 
stress may be considered to arise from plastic deformation of the lattice which causes line 
broadening or elastic deformation of the lattice which causes line shift, and which are 
known as microstress and macrostress respectively^^
The X-ray diffraction line position has been used by Chate et al^^^^^ to demonstrate stress 
differences between aluminium films deposited at different temperatures. The situation is 
however complicated by the use of Al-1%-Si, since any silicon, or other impurity species, 
within the aluminium lattice would be expected to alter the X-ray diffraction line 
position^^^®^. The larger lattice constant of silicon would be expected to cause a shift in the 
X-ray diffraction line to smaller angles compared to pure aluminium^^^^^. The values of 
the X-ray diffraction peak position would imply comprehensive stress in the plane of the 
film from the (111) line position, which appeared at a lower angular position than expected
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for pure aluminium (20 = 38504°), and tensile stress in the plane of the film for the (200) 
line position, which appeared at a larger angular position than expected for pure aluminium 
(20 = 44.676°). This may illustrate differences in the silicon content in (111) oriented grains 
compared to (200) ones, since the thermally induced stress in the plane of the film should 
be tensile^^^^'^^®^. A limitation of the above argument is that it only refers to planes 
oriented parallel to the substrate surface which contribute to the measured diffraction lines. 
Kinbara et have illustrated that stress measurements by X-ray diffraction and
substrate bending methods do not agree, suggesting that the stress inferred from X-ray 
diffraction measurements is lower, since part may be contained in amorphous regions. For 
Al-1%-Si films, stress may be contained in regions between grains, where silicon is likely to 
precipitate.
The X-ray diffraction linewidth is influenced by instrumental factors^^^^'^^^^, film grain 
and microstress^^®^'^^®^. From the present data it was impossible to 
separate contributions from each of these factors. The broadening of the silicon X-ray 
diffraction line would be expected to be largely instrumental since it is a single crystal high 
quality substrate. The aluminium (111) line was wider than the silicon line, but almost 
constant in width. This may indicate a change in line broadening with angular position or 
effects of microstress or grain size. It is unlikely to be due to grain size since the (111) 
orientation was predominant and surface grain size measurements indicated a grain size of 
the magnitude of 1 jiim which would be too large to contribute to line 
broadening^^^®'^^^'^^^^. However the broadening of the (200) line compared to the (111) 
line may be due to a number of small diameter (200) grains within the film. The possible 
correlation of the XRD ratio and (200) peak width would indicate the reduction of (200) 
grain size as the XRD ratio increased, as (111) grains grow at the expense of (200) ones.
The number of possibilities leading to both X-ray diffraction linewidth and position 
variation would require considerable effort to distinguish by both increased measurement 
accuracy, and knowledge of the silicon content within aluminium grains. An alternative 
technique more suitable to stress measurement, such as the measurement of substrate
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curvature would be needed to provide an unambiguous measurement of film stress, along 
with an ability to measure product substrates which have been patterned^^^^^.
The larger XRD ratio at low film thicknesses at low deposition temperatures has two 
possible explanations; either the development of (111) orientation is blocked by 
impurities^^^”^ ^  ^ which are desorbed from the system at higher deposition temperatures or 
the film has a distribution of (111) planes at an angle to the substrate surface which 
increases with deposition temperature^^^^. Since there was an increase in the XRD ratio as 
the film thickness was increased, and the increase occurred for thinner films at higher 
deposition temperatures, the proposed explanation is one where impurities initially cause a 
lower XRD ratio at higher deposition temperatures. Since grain growth can proceed at a 
faster rate at higher temperatures, the development of a large XRD ratio, via the preferential 
growth of (111) oriented grains, would occur for thinner films as the temperature is 
increased. Inoue et al^ ^®^  showed that, for a fixed film thickness of 1 jim, deposition at 
higher temperatures, of Al-1%-Si films on 1 jim of deposited oxide on silicon produced a 
reduction in the strength of the (111) orientation up to a temperature of 400“C. This was 
associated with the precipitation of silicon in the film at the substrate interface. A large 
increase in the (111) orientation was observed above 400“C, and was associated with a 
redistribution of silicon throughout the film, with precipitation along grain boundaries. The 
trend is in agreement with the trend at low film thicknesses in the present work, and raises 
the question of the effect of the silicon content and its distribution in the deposited film on 
the film structure, which will be discussed in more detail later.
The nature of the substrate is a factor which has been shown to affect the XRD ratio. 
Since, in the literature, reports on the orientation of A1 and A1 alloy films have tended to 
cover the variation of orientation for a fixed substrate, there is little direct evidence reported 
for this effect. Howard et al^ "^^  ^ did note that the (111) orientation of a 1200 Â thick A1 
film, evaporated over a 800 Â thermal oxide step on a (111) silicon substrate, was very 
much stronger over the (111) silicon compared to the oxide coated substrate, although the 
grain size was unaltered. This does not agree with the trend reported here, where an 
increased XRD ratio was found for Al-1%-Si films deposited onto thermal oxides, 500 Â or
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1000 Â thick, compared to films deposited onto (100) silicon, although both the film 
thickness and substrate orientation were different. There are a number of possibilities 
which may account for the differences in the XRD ratio reported here for differing thermal 
oxide thicknesses. These could be due to either differing nucléation characteristics on the 
surface of the (100) silicon and thermal oxide substrates, leading to the formation of a 
continuous film at a lower thickness on one substrate, or differing film temperatures during 
deposition, due to the low thermal conductivity of the oxide layer (1.31 Wm“^  K"  ^ at 
273 compared to silicon (168 Wm"^ at 273 or variation in the
distribution of silicon throughout the deposited film. Each effect may affect the XRD ratio, 
although there is no conclusive evidence regarding any. Further, more fundamental, work 
would be required to investigate the cause of the XRD variation with the type of substrate. 
However the result in itself has implications regarding monitoring of the deposition process. 
The use of a (100) silicon substrate with a thin thermal oxide to monitor the deposition 
process would not give the same results as a (100) silicon substrate, in terms of film 
orientation. This would lead to disparity between films deposited on the two types of 
substrate in predicting device electromigration resistance. The Al-1%-Si films used during 
device manufacture are deposited onto deposited oxides, typically 1 jim thick. 
Characterisation of the XRD ratio obtained on these substrates is therefore important. The 
relationship between the XRD ratio obtained from films deposited onto substrates typical of 
device manufacture and those used for deposition monitoring, is of importance in relating 
the monitored film properties to those obtained on product substrates. The use of silicon 
substrates with a 1 pm thick deposited oxide layer will be discussed in more detail in 
Section 7.2.2, dealing with batch mode deposition.
The surface structure of the deposited films was that of a polycrystalline metal film. The 
shape of the grains, with non-equilibrium shapes visible, implied that some grain 
boundaries were pinned probably by second phase precipitates of silicon as described by 
Srolovitz et al^^^ .^ The average grain size increased with both film thickness and deposition 
temperature and was not too dissimilar from the film thickness. The activation energy for 
grain growth, calculated using the average grain diameter, was extremely low, below 
0.1 eV.
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Consideration of the effective activation energy leads naturally to a discussion of the factors 
influencing average grain size and so this will form the basis for the discussion of the grain 
size results. The activation energy, deduced using an Arhenius relationship between grain 
size and temperature (equation 25), was below that associated with surface, grain boundary 
or bulk diffusion. There are two possibilities arising from this. Either it is a real effect or 
the equation and analysis used are not valid.
Athermal crystallisation processes, taking place with an activation energy similar to the 
0.08 eV to 0.06 eV obtained in this work, have been discussed in general by 
Grovenor et al^ "^ ^^  and reported by Ronay et al^^^^^ for Pb films. This process is thought 
to occur only where the deposition temperature, T, is below one third of the materials 
melting point Tjyj, both in Kelvin^^^^ .^ For nominal deposition temperatures of 75”C and 
145“C, T /T j^  is 0.37 and 0.45 respectively, for Al. The nominal deposition temperature, as 
discussed earlier, is likely to be larger and thickness dependent. Therefore, it seems 
unlikely that athermal crystallisation is the grain size determining mechanism. Since the 
activation energy is low, it is also likely that the Arhenius equation is invalid. This may be 
because, as discussed by Grovenor et al^^^^, the average grain size does not provide a 
meaningful indication of the diffusion process when not all of the grain boundaries are 
mobile or when grain growth is limited by other factors, such as second phase particles 
or the effect of grain boundary curvature^'^^'^^^. These effects however have been treated in 
the literature^^''^^^'^^^ only for the annealing of deposited films, and not for film evolution 
during deposition. This highlights the lack of fundamental knowledge regarding such 
effects in aluminium alloy films during deposition, and the complexity introduced by the 
addition of alloying elements.
7.2.2 Batch Mode Deposition
The main results of the structural investigation of films deposited in batch mode were as 
follows:
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(a) Films deposited onto (100) silicon or (100) silicon substrates covered with a
1 jLun thick LPCVD oxide (LOPOX) had a preferred (111) orientation.
(b) For films deposited under identical set conditions, the XRD was larger if the
system had been in use prior to deposition compared to if the system had 
remained idle for a period of time prior to deposition.
(c) The XRD ratio was larger than that obtained in continuous mode for all
substrate positions for equivalent process parameters.
(d) The XRD ratio was dependent on:
(i) the number of rotations,
(ii) the deposition temperature,
(iii) the film thickness,
(iv) the substrate position, and 
(v) the substrate type.
(e) For films deposited during the same deposition the grain structure was
dependent on the substrate position.
As described in the preceding section. Section 7.2.1, the preferred (111) orientation of 
Al-1%-Si films deposited onto (100) silicon substrates and (100) silicon substrates covered 
with a 1 pm thick LPCVD oxide layer is expected from both experimental^^^ 7-35] 
theoretical^"^^'"^^'^^^"^^^^ considerations. The reduction in the XRD ratio which was 
observed for the initial deposition using the Electrotech MS5200 sputtering system at 
positions six and thirteen, compared to a later deposition can be explained on the basis of 
impurity incorporation into the film. Impurities such as C0 2 ^^ ^^  and
N 2^^ ^^  have all been shown to reduce the XRD ratio when present during the sputtering^^^^ 
or evaporation^^^"^^^ of Al or Al alloy films. These impurities may either prevent grain 
growth, or cause renucleation during film growth^^"^^^, or change the angular distribution
of the diffracting planes with respect to the film surface. Impurities must be present in
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greater numbers after the system has been idle for a period of time, and be incorporated 
into the growing film in sufficient numbers to cause a reduction in the XRD ratio. These 
impurities could arise by desorption of residual gases which have absorbed onto the 
deposition chamber walls, either by direct heating from the radiant heater or by energetic 
atom or ion bombardment from the sputtering plasma or from a build up of contamination 
in the argon gas supply, arising from leaks in the gas supply pipelines, or from the 
sputtering of an absorbed impurity layer on the target surface. Comparison of the XRD 
ratio for films deposited on the Electrotech MS5200 system in continuous and batch mode, 
where comparison is made with films deposited after the first deposition using one 
revolution in batch mode, so that the batch mode process was identical to the continuous 
mode process except for the substrate loading procedure, indicated that, for films 1.0 pm to 
1,4 pm thick, the lowest XRD ratio observed at a given thickness in batch mode was larger 
than the largest XRD ratio observed in continuous mode, at an equivalent deposition 
temperature of 11G°C. This suggests that batch mode deposition results in less impurity 
incorporation into the growing film than continuous mode deposition, and consequently 
leads to a  larger XRD ratio^^^"^^'^^^. The processing step which was responsible for this 
difference was the loading of a batch of substrates, followed by a pum ping stage to a low 
base pressure and then deposition. This allowed complete isolation from the load lock 
during deposition and outgassing of the substrates prior to deposition. In continuous mode 
the load lock was pumped down to 10“^  T prior to opening of the load lock door, allowing 
residual gases to enter the deposition chamber during processing and leaving the substrates 
with a far greater quantity of absorbed impurities on them. In addition the necessity to 
retain a constant gas pressure during substrate loading could lead to bursts of impurities, if 
there was a leak in the argon bleed valve circuit which was used to supply extra argon to 
compensate for the increase in pumping speed when the load lock door was open.
For films deposited on the Electrotech MS5200 it was evident that there was a dependence 
of the XRD ratio on the substrate position within the deposition chamber and on the 
number of revolutions used during deposition; the discussion of this will however follow 
that of the effect of substrate position and number of revolutions on the XRD ratio for films 
deposited on the Electrotech MS6200, where a full characterisation with respect to substrate
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position took place.
Direct comparison between films deposited in batch mode on the Electrotech MS5200 and 
Electro tech MS6200 was hindered by the differences in the cleaning procedure of the 
substrates, the additional transfer chamber and the eight as compared to fourteen position 
substrate table on the Electrotech MS6200. The lack of (200) diffraction data from 2.7 jim to
3.3 pm  thick Al-1%-Si films on (100) silicon substrates deposited on the Electrotech MS6200 
may be consistent with results obtained on the Electrotech MS5200, with the XRD ratio 
increasing steadily with film thickness until the ratio became effectively infinite, or it may 
be indicative of either a deposition environment containing fewer impurities or an effect of 
the surface cleaning procedure.
It was however evident that there was a difference in the X-ray diffraction data between 
films deposited onto (100) silicon substrates and (100) silicon substrates with a 1 pm thick 
LPCVD oxide layer (LOPOX) deposited on the Electrotech MS6200. The variation of the 
XRD ratio with substrate type has not been reported in the literature for Al or Al alloys, 
where experiments use a fixed substrate, typically either (100) silicon^^^^ or silicon with a 
1000 Â thick thermal^^^"^^^ or a 1 pm deposited^^®"^^^ oxide layer. The possible differences 
between the substrates which lead to the reduced XRD ratio for Al-1%-Si films deposited on 
a 1 pm thick LPCVD oxide layer on a (100) silicon substrate are the increased roughness 
and amorphous nature of the LOPOX layer, a different interaction between the Al-1%-Si 
film and the LOPOX layer, or the decreased thermal conductivity of the LOPOX 
layer^^^^^^ '^^^, which could lead to an increase in the film deposition temperature. Even if 
it had been possible to measure the film temperature and silicon distribution in the 
deposited film there would still remain the problem of distinguishing between those factors 
which initiate changes and those which vary because of it. The reduced XRD ratio which 
was obtained for films deposited onto LOPOX substrates, indicates that measurement of film 
orientation using either silicon substrates or silicon substrates with a thin thermal oxide 
layer would not give results representative of films deposited onto device substrates. In 
particular it would imply that estimates of device electromigration resistance^^^^ obtained
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from films deposited onto silicon substrates, with or without a thin thermal oxide layer,
would be larger than that achieved in device operation. This highlights the general
problem regarding deposition monitoring and film monitoring. The use of monitor 
substrates can indicate problems with the deposition process, but they may have a differing 
sensitivity to deposition process change than device substrates. They would not indicate 
changes in film properties occuring due to variation in the device substrate oxide quality. 
Judicious use of both types of substrate would be required to maintain control of the 
deposition process and device properties.
The XRD ratio measured for Al-1%-Si films deposited on LOPOX substrates varied 
considerably with substrate position in the deposition chamber. From a consideration of the 
deposition chamber layout (Figure 8), it can be seen that substrates at substrate positions
seven, six and five would have been under target positions when the plasma was struck
initiating deposition and that substrates at positions four, three, two, one and eight would 
not have been under targets when the plasma was struck, with substrate eight passing 
under the target earlier than substrate four. If it is assumed that either impurities sputtered 
from the target surface or desorbed from the walls of the deposition chamber during target 
power up  will reduce the XRD ratio^^^"^^'^^^ by hindering grain growth then it might be 
expected that positions seven, six and five would have a reduced XRD ratio compared to 
positions four, three, two, one and eight with the XRD ratio showing a minimum at 
position seven and a maximum at position four or three. Figure 42 shows the XRD ratio 
variation for the standard deposition process for different sets of targets. They demonstrate 
that the location of the substrates during target power up was not the sole criteria 
determining the XRD ratio. Although there was a maximum in the XRD ratio at substrate 
position four for deposition process HG3, there was a minimum at substrate position three 
which was not under the target during target start up. The XRD variation for deposition 
process H G l6 showed similar anomalies with the XRD ratio at position eight considerably 
larger than that at position one.
The overall lack of correlation of the XRD ratio with the substrate position during target 
power up was not surprising, since the partial pressure of impurities in the chamber would
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have been expected to be time dependent, and because of the relatively short time spent at 
each position in the deposition chamber when using a large number of revolutions. The 
time spent at each position in the deposition chamber for processes HG3 and H G l6 was 
two and a half seconds and three seconds respectively, and would have provided 
considerable averaging of impurity incorporation across all substrate positions. The 
effectiveness of the averaging would depend on the time constants associated with the rise 
of the impurity partial pressure to a maximum, and its eventual decay to an equilibrium 
level. Monitoring of the variation of the partial pressures of impurity species in a 
sputtering system has taken place^^^^'^^^^, but can be masked by the use of pressure 
reduction^^^^'^^®^ to sample the deposition environment. Measurement of ion species at the 
substrate^^^^'^"^^^ has indicated the presence of impurity related ions for systems which 
have not been pumped sufficiently^^^^^ and at the initiation of sputtering^-^"^® .^ The gradual 
clean up of a deposition system with time during sputtering has also been demonstrated, 
showing that presputtering is necessary to obtain reproducible deposition conditions^^'^^^. 
The correlation of film properties with more fundamental plasma properties is an area of 
research deserving attention. It is however exceedingly difficult in practice because 
sampling of the plasma in a production sputterer would have to be at a location away from 
the substrate.
The data obtained for one and ten revolutions for deposition onto (100) silicon at positions 
six and thirteen using the Electrotech MS5200 (Figure 39) gives an indication of the 
averaging effect discussed above. The XRD ratio for films deposited at position six was 
considerably larger at all film thicknesses than for position thirteen, for deposition using one 
revolution, which would be expected to show the effect of substrate location relative to the 
target strongly, implying a larger impurity incorporation into the film deposited at substrate 
position thirteen which passes under the targets before position six. The effect of using ten 
revolutions was to reduce the XRD ratio at position six and increase it at position thirteen, 
implying a lower impurity incorporation for films deposited at substrate position thirteen 
and larger impurity incorporation at substrate position six, compared to films deposited 
using one revolution, as expected. The effect is linked to impurity incorporation and not to 
differences in film structure due to changes in the number of layers the deposited film is
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built up in, or in the deposition temperature, which might alter if the film cooled between 
rotations under the target, since these would be expected to affect the XRD ratio at 
positions six and thirteen equally in the same direction, an effect which is not observed. In 
the light of this, changes in the number of revolutions from twenty to forty or from thirty 
to seventy-two would be expected to show a complicated variation of the XRD ratio with 
substrate position, although XRD ratio uniformity would be expected to increase with the 
number of rotations, and this is in fact observed (Table 11).
The variation of the XRD ratio with temperature may be affected by differences in the 
levels of outgassing from the deposition chamber, the rate of grain growth and possibly 
changes in the silicon distribution within the film, which would be superimposed on the 
previously described impurity effects. It is interesting that substrate position three had a 
maximum in the XRD ratio at all deposition temperatures (Figure 45) and the general 
variation of the XRD ratio with substrate position was similar. Extensive study of the grain 
structure, and impurity levels in the deposited film including the silicon distribution would 
be required to test these assumptions and verify correlation with the XRD ratio.
The effect of annealing the deposited film was to increase the (111) diffraction intensity and 
reduce the (200) intensity. This was not accompanied by grain growth or surface 
renucleation, although the growth of hillocks took place. This may indicate that annealing 
allowed (111) planes which had been oriented at an angle to the substrate surface to 
re-orientate to a parallel orientation probably by a stress relief mechanism, as indicated by 
hillock growth, although a change in the silicon distribution and precipitate size and density 
could have also played a role.
The deposited films were all polycrystalline with grains separated by grain boundary 
grooves indicating that grain growth was governed by grain boundary curvature. The grain 
structure varied with substrate position which again implied differing levels of impurity 
incorporation into the deposited films. No clear trends were visible in the variation of 
grain size with substrate position, reinforcing earlier conclusions drawn from XRD data on 
the complexity of factors determining the final film structure. Annealing of deposited films
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led to the growth of hillocks but no grain size change. This indicates that stress relief took 
place and that the driving force for grain growth was unable to overcome a barrier to grain 
growth, which is most likely to be related to the specimen thickness effect^^^^, where the 
grain size is limited by the film thickness because of grain boundary curvature making the 
movement of grain boundaries energetically unfavourable^^^^.
7.3 Optical Results
The discussion of optical results is divided into three parts covering the results of specular 
reflectivity measurements made on films deposited in continuous mode (Section 7.3.1), the
effect of the specular reflectivity of films deposited in continuous mode on the subsequent
photolithographic processing of the deposited film (Section 7.3.1.1), and the results of 
specular reflectivity measurements made on films deposited in batch mode (Section 7.3.2), 
which deals with films deposited using both the Electrotech MS5200 and Electrotech MS6200 
sputtering systems.
7.3.1 Continuous Mode Deposition
The main results of the investigation of the optical characteristics of films deposited in 
continuous mode (Chapter 5) can be summarised as follows:
(a) Measurement of specular reflectivity using the Nanospec AFT or specular
reflectivity attachment to the UV-Spectrophotometer agreed closely.
(b) The specular reflectivity of deposited Al-1%-Si films varied with wavelength.
It increased as the wavelength increased from 250 nm to 700 nm, reached a 
maximum and decreased as the wavelength was further increased up to
800 nm.
(c) At a given wavelength below 700 nm  the specular reflectivity of a deposited
Al-1%-Si film increased with decreased film thickness and decreased
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deposition temperature.
(d) At a given wavelength the specular reflectivity of an Al-1%-Si film, deposited |
under fixed conditions, was approximately the same on (100) silicon substrates I
or (100) silicon substrates with a thermal oxide layer 500 Â or 1000 Â thick, |
but was reduced for a 5000 Â thick thermal oxide.
(e) The specular reflectivity, R, obeyed the relation:
R = Rq exp - (47ca)^/A^ .... (27)
where a  is the rms surface roughness, A the wavelength and R^ the specular 
reflectivity of a smooth (a/A~> 0) surface, between approximately 400 nm and 
650 nm, and is larger than predicted below 400 nm.
The agreement of the specular reflectivity values, determined using the nanospec and 
specular reflectivity attachment to the UV-spectrophotometer, allowed either to be used for 
specular reflectivity determination, and allowed measurement of the specular reflectivity on 
patterned substrates using the nanospec which had a beam diameter of 35 pm. It implies 
that the surface structure responsible for a given specular reflectivity was contained within 
dimensions veiy much smaller than the nanospec beam diameter, since the average specular 
reflectivity was in agreement with that measured using a beam with an area of 1 cm^ on 
the specular reflectivity attachment to the UV-spectrophotometer.
The general trend of the variation of specular reflectivity with wavelength can be explained 
by consideration of the optical properties of A1 and the size of surface features causing light 
scattering, relative to the wavelength of the incident light. The reduction in specular 
reflectivity above a wavelength of 700 nm occurs because there is an interband transition in 
A1 in this wavelength range which causes absorption of the incident energy^^^^. Therefore 
this wavelength range will give no information regarding the surface structure of the
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deposited film and will not be considered further, although a change in the near surface 
composition by silicon segregation to the surface, might be expected to alter the magnitude 
of the effect. Below a wavelength of 700 nm  there was a decrease in the specular 
reflectivity as the wavelength was reduced. In general terms this may be explained on the 
basis of an increase in light scattering, and thus a decrease in specular reflectivity, as the 
wavelength was reduced, since A1 has a fairly high and uniform specular reflectivity from 
200 nm  to 700 nm from a consideration of fundamental optical constants alone^^^"^^^. Light 
scattering increases with decreased wavelength, since the size of surface features responsible 
for light scattering become larger relative to the incident wavelength. Investigation of the 
specular reflectivity of sputtered or evaporated A1 or A1 alloy films, for microelectronic 
applications, report the specular reflectivity at a given fixed wavelength and so no
comparison of the variation of specular reflectivity with wavelength was possible. However 
the wavelength dependence of the specular reflectivity of A1 used for optical coatings is 
important and has been extensively investigated, as demonstrated by the work of Hass^^^^, 
who showed a similar wavelength dependence of specular reflectivity to the present work. 
Levy et al^^^^ have also demonstrated the wavelength dependence of the specular
reflectivity of LPCVD A1 films relative to an Al-0.5%-Cu standard. The general trend of 
decreased specular reflectivity at a given wavelength for increased film thickness and 
increased deposition temperature is in agreement with results reported in the literature. 
Decreasing specular reflectivity with increased deposition temperature has been reported by 
McLeod et al^^ ,^ Inoue et al^ ^®^  and Aronson et al^ "^ ^^ , while Hartsough et al^ ®^  ^ have 
reported decreased specular reflectivity with increased film thickness. McLeod et al^ ^^  ^ also 
saw a reduction in specular reflectivity for thick films, although the effect was minimised 
by extensive heat sinking of the substrate, while Kamoshida et al^^^  ^ saw a reduction of 
specular reflectivity with increased film thickness and decreased temperature for Al-2%-Si 
films which were deposited to give an extremely low specular reflectivity by the formation 
of voided grain boundaries, and thus are not typical of the general nature of the majority of 
sputtered A1 or A1 alloy films. At a wavelength of 400 nm, the change in specular
reflectivity resulting from a film thickness change of 0.1 jiim was equivalent to that
produced by a 11°C temperature change. This illustrates the need to control the film 
thickness in addition to other deposition parameters if the deposited film is to have a
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controlled specular reflectivity.
The SEM photographs of films 1.0 )Lim, 1.4 |im  and 2.0 |im  thick deposited at 75°C and 
145“C (Figures 26 to 31) illustrate the difficulty in assessing the specular reflectivity of the 
deposited film by visual inspection of the SEM photograph. In particular the structural 
change seen for films 2 p.m thick, where grain boundary grooves separate flat topped 
crystals, leads to difficulties when attempting to compare them with thinner films. The 
relative contributions of general surface roughness, grain size and grain size distribution to 
the film's specular reflectivity at a given wavelength need to be considered. It is evident 
from the SEM photographs that hillocks play no role in determining the specular reflectivity 
of the as-deposited films. Using the data from the variation of the specular reflectivity with 
wavelength of the deposited Al-1%-Si films it was shown that in the region below an upper 
wavelength limit of 700 nm, where the reduction in specular reflectivity was due to the 
surface structure of the film and not due to the interband transition in Al^ ^^ ^^ , there was a 
region extending to a lower wavelength limit A2 of 400 nm or 450 nm, depending on the 
films deposition conditions, where the specular reflectivity, R, was determined by the films 
surface roughness, a , the measurement wavelength, X, and a material constant, R^. The 
specular reflectivity in this regime being given by:
R = Rq exp [-(4jca)^A^l .... (28)
At wavelengths below this lower wavelength limit X2/ the specular reflectivity was larger 
than predicted by the above theory, with the increase in the specular reflectivity depending 
on the average grain size, D, in addition to R^ and a. This variation of specular reflectivity 
with wavelength, and the three wavelength regimes, are summarised in Figure 98.
The surface roughness and the specular reflectivity of a smooth surface of the deposited 
film, where a smooth surface is one where ^/X tends to zero, can both be deduced from the 
change of specular reflectivity with wavelength in the region between X^  and X2. There is 
no comparable data on R^ and a  deduced from specular reflectivity measurements at
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Figure 98: A Schematic Diagram Showing the Variation of the 
Specular Reflectivity with Wavelength
various wavelengths on sputtered A1 or A1 alloy films. Verkerk et have calculated
<5, from specular reflectivity measurements, for evaporated A1 films and compared it to 
values obtained from light scattering and stylus measurements. Films 0.5 pm thick
evaporated at deposition rates between 40 and 2.5 Â s"  ^ and at a temperature of 300°C, 
gave values of o  from 162 Â to 410 Â. Similarly Verkerk has shown, for evaporated A1 
films 0.5 pm thick deposited at 250°C and at rates from 5 to 15 Âs"^, that at low water
partial pressures c, deduced from light scattering measurements, is below 200 Â. The
values of ct deduced for sputtered films in this work are of the same magnitude as those 
quoted for the evaporated films in the literature and range from 116 Â + 0.6 Â, for a 1 pm 
thick Al-1%-Si film deposited at 75°C, to 203.9 Â + 0.8 Â, for a 2 pm thick film deposited at 
145“C. The values are also shown to be plausible from estimates of the roughness deduced 
from tallystep profiles. Although the stylus measurement would be expected to give a 
lower value of the surface roughness compared to optical measurement^^^^^, it was
overestimated here because of the simplistic technique used to deduce ct from the tallystep 
profile. The specular reflectivity of a smooth surface of the Al-1%-Si film should, in theory.
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depend on the optical constants of the material under investigation. Due to the large 
imaginary component of the refractive index, the maximum (1/e ) penetration depth of the 
incident energy, in the wavelength range 200 nm to 1000 nm, is 95 Therefore any
information contained in would be confined to the top surface layer of the deposited
film. In addition would be wavelength dependent since the optical constants depend on 
wavelength. R^, deduced from the variation of specular reflectivity with wavelength, varied 
with deposition conditions, and ranged from 95.7 + 0.1% to 89.4 + 0.2%. The maximum 
value of Rq should however be 92.7% using the data of Hass et al^^^^, determined from 
reflectance, transmittance and thickness measurements of semi-transparent evaporated 
aluminium films. The values of the optical constants n and k, the real and imaginary 
components of the refractive index, have been shown to vary with deposition conditions for 
evaporated films^^^^'^'^^^ and for polycrystalline and single crystal bulk samples^^^^l In 
particular n can be increased by the presence of defects^^'^^^. The combination of n and k 
for a given sample lead to values of Rq below the maximum value determined by 
Hass et al^^^^ of 92.7%. It therefore seems unlikely that the absolute values of Rq, deduced 
from the variation of the specular reflectivity with wavelength, are correct. Therefore either 
there was a source of error in the calculation of R^ or the theory from which it was 
deduced. The assumptions implicit in equation 5 which was used to deduce R^ and a, 
were that ^ / X  «  1 and »  1. At a wavelength of 250 nm ^ / X ~  0.1 for the roughest
film, and at a wavelength of 650 nm, approximating the average grain diameter, D, for T, 
D/ X= 1.1 for the smallest grain size. Thus the assumption «  1 was acceptable but, 
assuming that ^ /X  »  1 was likely to cause errors to be introduced. It is also possible that 
Rq could vary because of the presence of a thin silicon rich surface layer in the Al-1%-Si 
film or precipitates at grain boundaries, although the specular reflectivity would be expected 
to decrease since it would reduce the metallic nature of the aluminium. If this was correct, 
then the decrease in Rq from the higher value to lower value as film thickness and 
deposition temperature varied (Table 13), may indicate a change in the silicon distribution 
within the film which, for the data in Table 13, would also indicate a possible correlation 
with the XRD ratio. It is noticeable that Rq and the average grain size may be linked 
(Tables 13 and 14) with R^ increasing with decreased grain size. This may indicate a
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changing silicon distribution with grain size or reduced errors in the assumption that 
T/X »  1, leading to the calculation of and a  being of greater validity.
Some problraas exist with the theory of specular reflection used here, which are indicated
by the attempt to correlate R^c^D^ with the difference between the measured and
calculated specular reflectivity (Figure 69). There is some correlation, although the line 
drawn through the points does not go through the origin, as required by the theory. This 
may indicate that problems exist with the assumption that T/X »  1, or that there may be 
an additional contribution to the specular reflectivity from an undetermined source or that 
the use of D, as an estimate for T, is a source of error. The data of Verkerk et al^^^^
indicate that the use of D as an estimate for T will cause an underestimate of T for films
with a high proportion of small grains, where T was shown to vary as:
T = mD 4- C .... (29)
where m  was 0.4 and C 1.3. This would explain the data being shifted, since it would 
introduce terms proportional to m l 
offset in the data by its neglection.
DC and in the term containing T and thus lead to an
The calculated value of surface roughness increased with increased average grain size, 
leading to a reduction of specular reflectivity with increased grain size. In the region from 
400 nm  to 700 nm, it was <s and R^ which were solely responsible for determining the 
specular reflectivity, R. R was seen to decrease with increasing D, although it was not the 
grain size which determined the specular reflectivity but the surface roughness which also 
varied with D. At low film thicknesses a  was determined by grain facets, caused by grain 
growth, while, at large film thicknesses it was determined by the depth of grain boundary 
grooves. At shorter wavelengths the grain size did however influence the specular 
reflectivity, causing an increase above that expected from a consideration of ct and R^ alone. 
This may help to solve the disagreement in the literature over the structural features 
responsible for determining a deposited films specular reflectivity. Hartsough et al^^^^.
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Reineck^^^^ and Smith et all attributed the variation of the specular
reflectivity of sputtered films to changes in the general surface roughness of the film due to 
the formation of grain facets. However both Inoue et al^^^  ^ and Aronson et al^^^  ^
attributed specular reflectivity to grain size. However Aronson et al^ ®^  ^ reported decreased 
specular reflectivity at large grain size, while Inoue et al^ ^®^  reported increased specular 
reflectivity at large grain size. The data of Inoue et al^^^ has three explanations; one is 
that because of the large grain size the increase in specular reflectivity, due to the term 
containing RqCT^T ,^ was large leading to large specular reflectivity, alternatively the surface 
structure may have been smooth although, at the thicknesses used, well defined grain 
boundaries would have been expected, and finally the specular reflectivity was measured 
using a nanospec which uses a small beam diameter which would not average the specular 
reflectivity over a sufficiently large area to give meaningful results. Clark et 
summarised early work on electro-deposited materials where two main theories to explain 
the specular reflectivity exist. One is that the fine grain size, below the wavelength of light 
used for specular reflectivity measurement will produce highly reflective films and the other 
is that, if the film is highly oriented even large grained films will have a large specular 
reflectivity. However in attempting to validate either theory they concluded the neither 
grain size or orientation determine specular reflectivity. The confusion can be explained 
because there will be ranges of wavelength in which grain size will be determined a  and 
Rq, and others where, in addition to a  and Rq, the grain size D will play a role. It would 
therefore be expected that since roughness, a, may vary with the same parameters which 
cause D to alter, that relations where specular reflectivity either increases or decreases with D 
will be possible. Similarly the variation of orientation with specular reflectivity (Figure 72) 
shows no correlation; any correlation would depend on both orientation and specular 
reflectivity being dependent on a third factor and it is not surprising that for electrodeposits 
both correlation^^'^^^ and lack of correlation have been reported^^^^^.
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7.3.1.1 The Effect of the Specular Reflectivity of Al-1%-Si Films Deposited in
Continuous Mode on the Photolithographic Process
The main results of the investigation into the effect of metal specular reflectivity on the 
photolithographic process were as follows:
(a) It was possible to perform automatic alignment on metallised substrates. The 
alignment error decreased with decreasing specular reflectivity for Al-1%-Si 
films with specular reflectivities between 77.3 ±  0.8% and 66.6 + 0.4% at 
400 nm.
(b) It was possible to correlate changes in specular reflectivity to linewidth 
changes observed during photolithography and after etching.
The specular reflectivity curves given in Figures 73 and 74 show the characteristic fall of 
reflectivity as the incident wavelength was decreased. The trend is discussed in detail in 
Section 7.3.1. The specular reflectivity in the scribe channel remained constant throughout 
the photolithographic process, indicating that heating of the deposited layer during the 
photolithographic process did not alter the film's surface structure and that the as-deposited 
film's specular reflectivity was typical of that seen during automatic alignment. The 
disagreement in absolute units of specular reflectivity measured on the nanospec between 
films deposited on bare silicon, and in scribe channels on product substrates, with the bare 
silicon substrates having larger reflectivities, may reflect differing thermal characteristics or 
cleanliness between the two substrates. It is important to realise that the two measurements 
need not agree on specular reflectivity in absolute terms, although relative changes may be 
indicated by the silicon monitor substrate.
The nanospec and specular reflectivity attachment to the UV-spectrophotometer were in 
general agreement indicating that either may be used to monitor specular reflectivities. The 
disagreement at short wavelengths for low specular reflectivity films was puzzling, although 
it might indicate deficiencies in the measuring procedure on the nanospec, when measuring
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low signal levels typical at short wavelengths, since it calculates a specular reflectivity 
relative to a standard without subtracting a correction for the finite signal intensity with no 
sample present. A constant offset in signal intensity, which would boost reflectivity 
especially at short wavelengths, would explain the disagreement. An alternative explanation 
is that at short wavelengths the reflectivity is influenced as discussed in Section 7.3,1 by the 
second term of equation 5, This would lead to reflectivity differences if the angular 
acceptance, A<j), of the two measurement systems were different. The simpler optical 
airangement of the nanospec would probably imply a greater acceptance angle A(|) and thus 
an increased specular reflectivity as is observed in practice.
Alignment accuracy was seen to improve at low specular reflectivities over the range of 
specular reflectivities investigated. This may be due to a reduction in the reflected dark 
field image intensity from the alignment target which prevents distortion of the reflected 
signal and allowed optimisation of the threshold (gain) level. Whatever the reason behind 
the effect, which is probably highly process and equipment dependent, the ability to 
optimise the automatic alignment process in terms of metal reflectivity has been
demonstrated. The dependence of alignment accuracy on metal specular reflectivity will 
influence device electrical results, and the length of time spent at the alignment stage of the 
photolithographic process. The reduction of the alignment error with decreased specular 
reflectivity would not be expected to continue if the specular reflectivity was reduced 
further. This is because the reflected signal would become weaker, and eventually fall 
below a background noise limit. Further work would be required to determine the point at 
which this limit is reached, and also the effect of errors in the alignment, of the Al-1%-Si 
layer to contact openings, on device electrical parameters.
The increase in critical dimension size with decreased Al-1%-Si specular reflectivity
compared to the standard process, can be attributed to a reduction in the amount of 
photoresist removed after the exposure and development stages caused by increased light 
scattering, compared to the standard process. Increased light scattering would lead to a 
reduction in the deposited energy in the edges of the photoresist film (Figure 99) and an
increase in the resultant linewidth, providing insufficient energy to cause photoresist
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removal was absorbed during photolithography. The reduction in critical dimension size as 
the specular reflectivity increased, compared to the standard process, can be attributed to an 
increase in the amount of photoresist removed, when compared to the standard process. 
This could be caused by a reduction in the amount of energy lost at the edges of the film, 
which if sufficient, would enable removal of resist, which would otherwise be insufficiently 
exposed, and therefore not removed during the development stage of photolithographic 
process (Figure 99).
Both the effect of alignment and critical dimension size demonstrate the interaction of the 
metallisation layer and the photolithographic processes. The results on critical dimension 
size are in agreement with those of Casalnuovo et al^ -^ ^^ ,^ who reported requiring increased 
exposure energy for constant linewidth when diffuse reflectivity increased. Although critical 
dimension size variation with specular reflectivity can be removed as a source of error by 
feedback from a trial substrate going through photoresist development, it highlights 
problems which may occur in critical dimension control across a batch of substrates if there
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is a spread in specular reflectivities. This situation is most likely to occur in batch mode 
processing. Similarly it may result in varying alignment accuracy across a batch of 
substrates. It is therefore important to maximise specular reflectivity uniformity across 
batches of product substrates. The results are also in agreement with comments made by 
Nowicki^®®  ^ and McLeod et al^ ®^  on the need for high specular reflectivity A1 films for 
good automatic alignment, although neither specified the limits precisely, Nowicki 
specifying >20%. It is also important to realise that the specular reflectivity may depend on 
several structural factors as discussed in Section 7.3.1, and that if a change in film structure 
occurred then the relationship between the specular reflectivity and the alignment accuracy 
and linewidth could alter.
7.3.2 Batch Mode Deposition
The main results of the variation of the specular reflectivity of batch mode deposited films 
were as follows:
(a) There was a difference in the specular reflectivity between Al-1%-Si films 
deposited during the first deposition using the system after it has remained 
idle for a period of time and a subsequent deposition, with the later 
deposition giving films of higher specular reflectivity.
(b) There was a variation of the specular reflectivity of Al-1%-Si films deposited
at different substrate positions in the deposition chamber.
(c) Deposition of Al-1%-Si films onto (100) silicon substrates gave films of higher
specular reflectivity compared to an identical deposition onto LOPOX
substrates.
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(d) The variation of specular reflectivity of Al-1%-Si with substrate position was
dependent on:
(i) the film thickness, and
(ii) the deposition temperature.
(e) The specular reflectivity, R, obeyed the relation given previously in
equation 27:
R = Rq exp - [(4Tca)^/X^] .... (30)
where Rq is a material constant, a  the surface roughness and X the
wavelength, between 450 and 650 nm. Below 450 nm the specular reflectivity 
was larger than predicted (Figure 98).
Films deposited in batch mode on both the Electrotech MS5200 and Electrotech MS6200 
showed the same trend of specular reflectivity variation with wavelength as films deposited 
in continuous mode. There was an increase in specular reflectivity with wavelength upto 
around 700 nm and a dip in specular reflectivity above 700 nm. This can be explained, as 
indicated in the previous section (7.3.1) by the change in the apparent size of surface 
features with wavelength. This leads to a larger specular reflectivity as the wavelength 
increases, since the size of surface features relative to the wavelength of light decreases, 
leading to a reduction in light scattering. The dip in specular reflectivity above 700 nm was 
due to an interband transition in the A1 causing increased absorption^^^l
In a sequence of Al-1%-Si film depositions, a film which was deposited earlier in the
sequence at any substrate position, in particular for the first run of the sequence if the
system had not been in use for a period of time, was seen to exhibit reduced specular 
reflectivity. This has been shown to be true on both the Electrotech MS5200 (Figure 77) and 
Electrotech MS6200 (Figure 82) systems. The explanation for this is likely to be related to 
the effects of impurity incorporation on the grain growth and hence surface structure of the 
deposited film. Impurity incorporation into A1 and Al alloy films has been shown by
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several authors to cause reduced specular reflectivity of that The effect of
high levels of impurity incorporation is to promote extreme vertical development of grains, 
known as hillocks. However lower levels of impurities also affect grain growth by causing 
increased roughness of grain facets. The effect of ojtygen and water contamination are 
discussed by Verkerk et and Van der Kolk et al^^^^, who describe the roughening
of the film, first as distorted grain facets and then hillocks form, as the level of 
contamination was increased. Contamination was primarily seen at grain boundaries 
leading to the blocking of grain growth. However below a critical level the absorbed 
impurity was mobile so that some grains could grow, leading to areas of low contamination 
with a large grain size, and high contamination with small grain size, in the same 
The initial deposition would be expected to getter impurities desorbed 
from the deposition chamber or sputtered from the target surface and which have built up 
since the system was last used. Later depositions would be expected to getter fewer 
impurities as the time between batch depositions is relatively small and the deposition 
chamber should be at a higher temperature leading to a reduced rate of impurity 
absorption. Similarly the variation of specular reflectivity with substrate position in batch 
mode is likely to be related to the level of impurity incorporation into the deposited film at 
different substrate positions.
For batch mode deposition using the Electrotech MS6200, the variation of specular 
reflectivity over all eight substrate positions is shown for twenty, thirty and forty 
revolutions and thirty and seventy-two revolutions in Figures 86 and 87. The specular 
reflectivity at 400 nm was a maximum at substrate position one and a minimum at 
substrate position five for films deposited using processes HG l, HG2 and HG3 with the 
specular reflectivity of Al-1%-Si films deposited at equivalent substrate positions being lower 
for films deposited onto LOPOX substrates compared to (100) silicon substrates. From the 
SEM photographs shown in Figures 47 and 48 it can be seen that the films with lower 
specular reflectivity deposited at substrate position five had a tendency to form larger grain 
boundary grooves than films deposited at substrate position one. This would support the 
argument for greater impurity incorporation in the films at position five leading to 
contamination of grain boundaries and the formation of grooves^^^''^^"^^'^'^^^. The lack of
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correlation of the specular reflectivity with the substrate position during target power up is 
not surprising. This is because, as discussed for batch mode structural results, the partial 
pressure of impurities would be expected to be time dependent^^^^^^^^^, while the high 
number of revolutions provides considerable averaging. Comparison of 1.2 pm thick films 
deposited using one and ten revolutions and for substrate positions six and thirteen indicate 
that for one revolution, which should show the effect of target position strongly, that 
position six had a larger specular reflectivity than position thirteen. For ten revolutions the 
difference in specular reflectivity was reduced, although the effect was to increase the 
specular reflectivity at position thirteen rather than decrease it at position six. 
Consideration of the corresponding XRD results (Figure 39), which showed changes in both 
the XRD ratio for position six and thirteen, would imply that the specular reflectivity had a 
different sensitivity to and perhaps threshold levels for impurities compared to film 
orientation. This is supported to some extent by the data of Verkerk et al^^^, which shows 
that the XRD ratio is more sensitive to contamination than the total reflectance of the 
deposited film.
For films deposited on the Electrotech MS6200 the variation of specular reflectivity with 
substrate position using processes HG15 and HG16 (Figure 83) was different compared to 
processes HG l, HG2 and HG3 (Figure 82). Again the specular reflectivity of films 
deposited onto LOPOX substrates was lower than that of films deposited onto (100) silicon 
substrates at equivalent substrate positions. The depositions were performed under the 
same conditions except that HG15 and HG16 were deposited using a different set of targets 
and an increased process time of twelve minutes as compared to ten minutes was used. 
This resulted in a lower deposition power than would otherwise be used. The specular 
reflectivity at position three was now a minimum while that at position eight had increased 
noticeably. The time spent at each position in the deposition chamber was now three 
seconds compared to two and a half seconds. This could account for the rise in specular 
reflectivity at position eight, since it can be assumed to have passed under the target later 
in time than it did for processes HGl to HG3. It does not however account for the 
decrease in specular reflectivity at substrate position three, which will first pass under the 
target later in time than position eight. The films deposited onto LOPOX substrates at
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positions one and five had a different appearance to those deposited previously, both 
showing grain boundary grooves and a number of small hillocks (Figures 49 and 50) with 
the grain size and specular reflectivity being larger for position one. Annealing of the films 
produced no grain size change although some large hillocks formed on the surface of the 
film and the specular reflectivity decreased sharply. This highlights the problem in the 
assessment of the specular reflectivity from the surface structure of the deposited film. To 
clarify the cause of the reflectivity change with the film's surface structure, a  and Rq were 
calculated for several films (Table 17). The data showed agreement with the theoretical 
variation of specular reflectivity with wavelength, given by equation 27:
R = Rq exp - [{4m) ^ / .... (31)
in the wavelength range 450 nm  to 650 nm, as shown in Figures 65 and 66. For Al-1%-Si 
films 3 pm  thick deposited onto (100) silicon, the surface roughness or was larger for 
substrate position one for films deposited in the initial deposition HG l, compared to the 
following deposition HG2, and the material constant Rq was slightly lower. At substrate 
position five a  increased and Rq decreased compared to position one. On LOPOX 
substrates the same trend was apparent, except when compared to on (100) silicon 
substrates, <j was larger and Rq lower for equivalent substrate positions. Compared to films 
deposited in continuous mode (Section 7.3.1) the maximum value of Rq for 3 pm thick films 
was 90.2% and thus below the maximum expected for Al^^^ .^ This may indicate better 
theoretical validity at large grain sizes, where the assumption that T/X »  1 is of greater 
validity. The change in Rq, where it decreased for films deposited on LOPOX substrates, as 
compared to (100) silicon substrates, and for position five, compared to position one, is 
interesting. Rq is the specular reflectivity of a smooth surface and thus should be a 
material constant. Variation of Rq therefore should indicate changes in the material by 
either impurity incorporation or silicon segregation in the film, both of which would be 
expected to reduce Rq. However since the incident light only penetrates the Al-1%-Si 
surface to a small depth it may be difficult to determine such effects by impurity analysis. 
An alternative technique, able to separate the contributions of n and k to Rq, would give
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further insight into the optical properties of Al-1%-Si films. If this argument is extended to 
explain the lower specular reflectivity obtained for films deposited onto LOPOX substrates, 
it would imply that the silicon distribution in the film may be responsible, the change being 
caused by the different nature of the LOPOX surface or different film temperature due to 
the low thermal conductivity LOPOX layer compared to the crystalline (100) silicon 
surface^^^^'^^^^. Annealing of films deposited using process HG16 at positions one and five 
caused a decrease in specular reflectivity which was associated with an increase in o  and a 
large decrease in Rq. The increase in a  can be accounted for by the appearance of hillocks 
after annealing as shown by SEM photographs of the surface. Evidence that Rq is indeed 
related to the silicon distribution was the large drop in Rq on annealing, since the silicon 
distribution would be expected to alter after annealing. The lack of correlation of specular 
reflectivity with grain size is not surprising from the above discussion since it depends on 
Rq and cy and not grain size explicitly. It indicates that many factors apart from grain size 
must determine Rq and a. The changing specular reflectivity with deposition temperature 
(Figures 88 and 89) and film thickness (Figures 84 and 85) add little to the discussion apart 
from emphasising the complex nature of the overall problem.
The lower specular reflectivity obtained for films deposited onto LOPOX substrates 
compared to (100) silicon substrates, again highlights problems arising during process 
monitoring. The use of (100) silicon substrates can ensure deposition process repeatability, 
but does not give information directly relevant to device substrates. Similarly, monitoring 
at a single position in the deposition chamber will give useful information, only when the 
distribution of specular reflectivity with substrate position remains fixed. This can lead to 
false conclusions, since a change in process conditions (Figures 82 and 83) can alter the 
specular reflectivity variation with substrate position, and depending on the position 
monitored, may lead to the conclusion that the specular reflectivity is improved or 
worsened by the change. Especially when the possible impact of the specular reflectivity on 
the photolithographic process is considered, it is the uniformity of a process which may 
prove to be more important than the average specular reflectivity. The uniformity should 
therefore be checked if a critical process change is to be made.
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7.3,3 Electrical Results
This section briefly discussed the four point probe measurements made on Al-1%-Si films 
deposited in batch mode using the Electrotech MS6200 sputterer.
The main results from the room temperature measurement of the sheet resistance of 
Al-1%-Si films deposited in batch mode were as follows:
(a) The average sheet resistance was lower for films deposited onto silicon
substrates compared to LOPOX substrates.
(b) The sheet resistance varied with substrate position.
The sheet resistance measurements showed both a variation with substrate position and
substrate type. Absolute comparison was difficult due to instrumental drift during the 
measurements. The film thickness was assumed to be constant for a given set of deposition 
conditions involving a constant deposition power and time. The assumption should be 
valid, since the only possible variation of thickness should arise from variations in the 
sputtering rate, for example during target power up either by the ramp up of power or due 
to sputtering of an impurity layer, which would be expected to average out if present at all 
due to the large number of rotations used during deposition. This leaves the film resistivity 
as the source of sheet resistance variation.
The lower average sheet resistance obtained for films deposited onto LOPOX substrates 
probably arose because of a variation in the silicon distribution in the deposited film. The 
silicon distribution may vary because of the chemical difference between the substrate 
surfaces, and because the film temperature is likely to be larger for films deposited onto 
LOPOX substrates, since oxides of silicon have a lower thermal conductivity than 
silicon^^^^'^^'^ï. The temperature can vary because the deposition temperature was 
controlled at a fixed point in the system and not at the film surface. The silicon in the film 
may be present within the aluminium lattice, where it has been reported to increase the
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resistivity by 0.7 or at grain boundaries where silicon precipitates may form.
The net effect on the resistivity would be the difference between the change in lattice 
resistivity and the change in the resistivity due to grain boundary scattering.
The variation in sheet resistance with substrate position for films deposited onto both (100) 
silicon and LOPOX substrates, is likely to be related to the incorporation of gaseous 
impurities into the deposited As discussed previously the level of
impurity incorporation into the deposited film will be averaged out due to the large 
number of revolutions used during processing, and will be difficult to predict on the basis 
of substrate position. Films deposited at some substrate positions would however be 
expected to contain a higher level of impurities than others. The SEM photographs of films 
deposited at substrate positions one and five using process HG3 (Figures 47 and 48), 
indicate that larger grain boundary grooves have formed at substrate position five. Larger 
grooves would be expected if the film contained more impurities, since impurities 
accumulate at grain boundaries and prevent grain boundary movement^^^'^^'^^'^"^^'^^^^. 
The larger grooves, which are associated with films of reduced specular reflectivity are also 
indicated by larger values of or calculated from the variation of specular reflectivity with 
wavelength. The value of a  calculated for films deposited using process HG3 was 
197.4 Â + 1.3 Â at position one and 217.1 Â + 2.9 Â at position five (Table 17). The larger 
grain boundary grooves at substrate position five, for films deposited using process HG3, 
were also associated with a high sheet resistance, which is consistent with the effects of 
impurity incorporation. The depth of grain boundary grooves could however also increase 
the effectiveness of silicon precipitates at grain boundaries in causing grain boundary 
scattering. Changes in the value of Rq (Table 17), deduced from specular reflectivity 
measurements, may indicate changes in the composition of the surface, within the 
penetration depth of the light, due to residual impurity or silicon incorporation. The value 
of Rq was lower at substrate position five compared to substrate position one. This 
indicates a change is occurring, but cannot give information regarding impurity levels or 
distribution within the deposited film. Further work would be required to determine the 
quantity and distribution of impurities in the deposited film. A technique such as SIMS
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would enable the average impurity level in the film to be determined, but it would not be 
able to give the precise location of impurities, which would probably be concentrated at 
grain boundaries^^^'^^"^^'^^^^. A technique such as TEM would be necessary to determine 
the size and location of silicon precipitates in the film. The sensitivity of the room 
temperature sheet resistance measurements, to impurity effects, is degraded by the large 
lattice contribution to the resistivity. The use of low temperature measurement 
techniques^^*^'^^^, or measurement at different temperatures^^^^, would enable the 
contribution of impurities to the total resistivity to be deduced. This would lead to a larger 
change in resistivity between substrate positions, due to impurity variation than at high 
temperatures, enabling impurity effects to be distinguished more easily. The results from 
such studies may be useful in the estimation of film reliability since impurities and defects 
particularly at grain boundaries are potential sites of failure^^^'^^^^.
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CHAPTER 8 
CONCLUSIONS
8.1 Introduction
This chapter presents a summary of the thesis, discusses the results and presents 
recommendations for future study.
The work undertaken involved the characterisation of dc magnetron sputtered Al-1%-Si 
films by structural, optical and electrical measurements.
Film structure was characterised using the techniques of scanning electron microscopy and 
X-ray diffraction, while optical and electrical properties were monitored using specular 
reflectivity and sheet resistance measurements. The structural results have implications for 
film reliability and have been used directly in the explanation of the optical and electrical 
results obtained. The following section will summarise the results and their implications for 
each of the above topics in turn, starting with the structural results (8.2.1), followed by the 
optical results (8.2,2) and finishing with the electrical results (8.2.3). A final section (8.2.4) 
contains the overall conclusions and suggestions for future work.
8.2 Summary and Discussion
8.2.1 Structural Properties
The grain size and grain size distribution, measured using scanning electron microscopy, 
and orientation, measured by X-ray diffractometry, were used to characterise the structure of 
deposited Al-1%-Si films. The orientation was quantified using the ratio of the (111) to 
(200) X-ray diffraction peak intensities obtained from planes parallel to the substrate surface.
In the literature these quantities have been linked to the electromigration resistance of Al
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and Al alloy and are therefore of considerable importance with
regard to device reliability.
The work in this thesis has shown that the film structure and its sensitivity to deposition 
process parameters, and both film thickness and substrate type was dependent on whether 
the film was deposited using continuous or batch mode. The use of batch mode led to 
films with a larger XRD ratio and lower uniformity than that obtained for continuous mode 
deposition of a series of films.
Using continuous mode, the film structure has been shown to depend strongly on the 
following parameters;
(a) film thickness,
(b) deposition temperature, and
(c) substrate type
with all of the films being predominantly (111) orientated. The XRD ratio was shown to 
increase rapidly at a given thickness, reach a maximum, and then decrease at larger film 
thicknesses, the detailed behaviour depending on the deposition temperature. It was 
proposed that this behaviour was consistent with surface energy anisotropy dependent grain 
growth^^/^^ '^^^] up  to the maximum in the XRD ratio. Beyond the maximum XRD ratio, 
it was proposed that the ratio declined due to a change in the angular distribution of 
diffracting planes, with respect to the substrate surface^^^^. Tire mechanism behind the 
reduction in the XRD ratio was proposed to be the stress in the deposited film. The XRD 
ratio was found to be dependent on the substrate used during film deposition; (100) silicon 
substrates with a 500 Â - 1000 Â thick thermal oxide layer giving films with larger XRD 
ratios than (100) silicon substrates. The possible causes of this effect being differences in 
the nucléation characteristics, silicon distribution or film temperature for each substrate.
Although further work would be required to investigate the distribution of diffracting 
planes with respect to the substrate surface, film stress, film temperature, the nucléation
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characteristics and silicon distribution in the deposited film, these results have applications 
with regard to the control and monitoring of a continuous mode deposition process.
The variation of the XRD ratio, grain size and grain size distribution with deposition 
conditions illustrates the need to control the film thickness and deposition temperature, in 
order to achieve films with controlled structure. The dependence of the XRD ratio on film 
thickness and substrate type demonstrated in this work has not been reported previously 
for sputtered Al or Al alloy films. In particular it shows that the use of a fixed film 
thickness and substrate type, when reporting on film electromigration resistance, may lead 
to results which are not representative of device operation. This is because, during device 
manufacture, metallisation layers are deposited onto deposited oxide layers, typically 1 pm 
thick, whilst there is a tendency to use substrates with thin thermal oxide layers for 
electromigration testing. Monitoring of film structure using (100) silicon substrates with or 
without a thermal oxide layer would be misleading, and would not be expected to correlate 
with electromigration lifetimes observed on test structures present on device substrates. The 
possibility of large changes in the film structure with film thickness, and hence of 
electromigration resistance, shows the importance of electromigration testing over a range of 
film thicknesses, so that a film thickness range, giving a large but consistent 
electromigration resistance, may be identified. It has not been possible in this work to 
investigate the correlation of structural results with electromigration resistance results from 
test modules. There is however extensive evidence in the literature that such a link 
exists^^^'^^'^^'^"^'^^'^^^. The exact correlation between film structure and electromigration 
results would need to be determined for a given deposition process, before limits on the 
deposition conditions could be unambiguously set.
Using a batch mode deposition process this work has shown that the film structure depends 
strongly on the following parameters:
(a) substrate position,
(b) substrate type, and
(c) time since the system was last used for film deposition
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w ith the variation with substrate position being dependent on the number of revolutions 
used during deposition. All films were predominantly (111) oriented. The variation of the 
XRD ratio and grain structure with substrate position, and with the time since the system 
was last used was attributed to the effects of residual impurities from the deposition 
chamber. These impurities would be expected to hinder grain growth and lead to a less 
perfect (111) orientation^^"^^'^^^. It was proposed that the use of a large number of 
revolutions combined with the variation of the partial pressures of impurities in the 
chamber with time, lead to an inability to predict the variation of film structure on the 
basis of the target positions alone. The variation of the XRD ratio with substrate position 
also changed as process conditions were altered. The variation of the XRD ratio on (100) 
silicon substrates with and without a 1 pm LPCVD oxide layer, was attributed to either the 
increased roughness, decreased thermal conductivity^^^^'^^^^ or amorphous nature of the 
LPCVD oxide compared to silicon. These factors could lead to a change in film 
temperature and silicon distribution within the film. Further work involving an 
investigation of the distribution of diffracting planes with respect to the substrate surface, 
and film impurity analysis would be necessary to verify the proposed causes of film 
structure variation.
It is still possible, however, to draw a number of conclusions regarding device manufacture 
and process monitoring from the results, without additional investigation. The dependence 
of film structure on substrate position in a batch mode deposition process, and on the 
presence of a 1 pm thick oxide layer on a (100) silicon substrate has not been previously 
reported. Assuming a correlation between film structure and electromigration resistance, 
similar to that proposed by Vaidya et alf^^^, it is evident that the electromigration resistance 
of a deposited film will vary with the time since the system was last used, the substrate 
position and substrate type. Monitoring of the electromigration resistance or film structure 
using a substrate which is not typical of that used during device manufacture will lead to 
an overestimated device lifetime, on the basis of an increased XRD ratio. The variation of 
structure with substrate position also leads to problems regarding deposition process 
monitoring, especially since the variation does not appear to be fixed if a change in the 
deposition process occurs. The uniformity of film structure in the batch deposition process
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needs to be optimised, although this may still leave considerable variation between substrate 
positions. Once the variation of film structure with substrate position has been established, 
monitoring at a given position is feasible. However caution should be exercised in drawing 
conclusions from a single position if process conditions are altered, since the variation of 
film structure with substrate position is unlikely to remain constant. Further work would 
be necessary to determine the variation of film structure with substrate position during the 
lifetime of a set of targets, although it is probably necessary to check this at periodic 
intervals. From the work presented here it is not possible to say conclusively whether a 
correlation exists between film properties measured on (100) silicon substrates with and 
without a 1 pm LPCVD oxide layer. The use of (100) silicon substrates would enable the 
deposition process to be monitored, but would not give results typical of a device substrate 
where a LPCVD oxide will be present. The use of both types of substrate would be 
necessary to establish, and separate, effects due to the deposition process and deposited 
oxide layer. Since the XRD ratio was reduced for a film deposited if the system had not 
been in use for a period of time, it is unadvisable to use the first deposition for the 
metallisation of device substrates.
8.2.2 Optical Properties
The specular reflectivity at near normal incidence was used as a measure of the optical 
properties of the deposited Al-1%-Si films. This work has shown that, in both continuous 
and batch modes of deposition the specular reflectivity could be explained on the basis of a 
simple model, as shown in Figure 98. Between wavelengths Xj, and X2 the variation of the 
specular reflectivity, R, with wavelength, X, was dependent on the rms surface roughness, ct, 
and the specular reflectivity of a smooth surface, Rq, which is the specular reflectivity in the 
limit that ^ /x  0 and which should be material dependent, and obeyed the relation^^^'^^^:
R = Rq exp - [(4îi:a)2/X^] .... (32)
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Below ^2 there was an increase in the specular reflectivity above that predicted by the 
above equation and which was dependent on R^, cf^  and the optical correlation distance, T, 
squared.
Above Xj, there was an absorption in the A1 due to an interband transition causing a 
reduction in specular reflectivity.
It was the effect of the film thickness, substrate type and deposition conditions on the 
smooth surface specular reflectivity, R^, and surface roughness, a , which determined the 
deposited filmas specular reflectivity in the wavelength region > X > 2^ as well as their 
effect on the average grain size below X 2* Changes in both a  and R^ were seen with film 
thickness and deposition temperature in continuous mode, and with substrate position, 
substrate type and post deposition annealing in batch mode.
For continuous mode deposition at a given deposition temperature, cr increased with 
increased film thickness, while at a given film thickness it increased with increased 
deposition temperature. It appeared to be related to the presence of grain facets, in thin 
films, and grain boundary grooves, in thick films. For batch mode deposition, cr was also 
dependent on the position of the substrate in the deposition chamber. For equivalent 
deposition conditions, <j increased for films deposited onto (100) silicon substrates with a 
1 jLim thick LPCVD oxide layer, compared to those without an oxide layer, and after 
annealing of deposited films.
The value of Rq was also seen to vary with deposition conditions. In continuous mode it 
generally decreased with increased film thickness and increased deposition temperature. In 
batch mode it varied with substrate position. Deposition onto (100) silicon substrates with a 
1 pm  thick LPCVD oxide layer compared to those without an oxide layer and annealing of 
the deposited film caused a reduction in Rq. The value of R^ gives information regarding 
the optical constants of the film within the penetration depth of the incident light. It was 
proposed that either impurities from the deposition chamber or changes in the silicon
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distribution in the film were the cause of the variation of Rq.
There has been no previous comprehensive investigation of the variation of specular 
reflectivity with wavelength reported for sputtered A1 or A1 alloy films, where values of the 
specular reflectivity are normally given at a fixed wavelength. This work has shown that 
the value of the specular reflectivity, in the wavelength range Xj > A > X2/ as shown in 
Figure 98, gives information regarding the rms surface roughness and optical constants of 
the surface of the film. For ^ < ^2 grain size will also affect the specular reflectivity. 
Correlation of the specular reflectivity with other properties will depend on the property 
being dependent on Rq and cr, or varying with the same parameters which cause Rq and a  
to vary. For continuous mode deposition the specular reflectivity at 400 nm does not give 
a good indication of the XRD ratio, but decreasing specular reflectivity is associated with 
increased grain size. Although in general the specular reflectivity cannot be taken as an 
indication of any other property, it is important in itself because it has been shown to affect 
the critical dimension size and automatic alignment accuracy of the subsequent 
photolithographic process. Variation of critical dimension size, as the diffuse reflectivity 
varied, has been reported previously^^^^^ but there has been no quantification of the effect 
of specular reflectivity on the automatic alignment accuracy. The critical dimension size can 
be controlled by modification of the photolithographic development process, although 
variation will occur if the specular reflectivity varies between films patterned using the 
same development process. In this work, for batch mode deposition of films, the specular 
has been shown to vary with the time since the sputtering system was last used and with 
substrate position in the deposition chamber. These results mean that, if the specular 
reflectivity is to be controlled, the initial deposition should not be used for processing of 
device substrates, and that the specular reflectivity uniformity should be controlled. 
However, even the use of a large number of revolutions can leave a substantial variation in 
the specular reflectivity between substrate positions. The use of target shutters is a possible 
solution so that presputtering prior to deposition onto substrates can take place.
Problems exist in deposition monitoring and control, since the variation of specular 
reflectivity with substrate position has been shown in this work to alter if the deposition
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conditions are changed. This means that the deposition process uniformity must be checked 
if the process conditions are changed substantially. This is because monitoring at a single 
substrate position will not in general be representative of the whole process, where the 
specular reflectivity may increase or decrease at a given substrate position if the deposition 
conditions are altered. The choice of monitor substrates is also important, since this work 
has shown that the specular reflectivity is larger on (100) silicon substrates compared to
(100) silicon substrates with a 1 pm thick LPCVD oxide layer.
Additional work would be required to determine the cause of the change in Rq, and hence 
the reason for the variation in the specular reflectivity on the LPCVD oxide covered 
substrate. The analysis of the silicon distribution in the deposited film with high depth 
resolution, especially near the surface, would be necessary along with optical analysis which 
could resolve the component optical constants, n  and k, which determine Rq.
8.2.3 Electrical Properties
The electrical properties of the deposited Al-1%-Si films were monitored at room 
temperature using sheet resistance measurements. In this work, the sheet resistance of films 
deposited using batch mode was shown to vary with the type of substrate used and the 
substrate position in the deposition chamber. This change was assumed to arise from a 
change in the bulk resistivity and not from film thickness variation. The variation of sheet 
resistance with substrate type and with substrate position has not been previously reported. 
The variation with substrate type where films deposited onto (100) silicon substrates with a 
1 pm thick LPCVD oxide layer had a lower sheet resistance than those deposited onto (100) 
silicon, was attributed to a variation in the silicon distribution, within the films, which may 
be due to the interaction of the silicon in the Al-Si film with the substrate or a variation in 
the film temperature during deposition, due to the low thermal conductivity of the LPCVD 
oxide^^^ '^^ ^^ .^
The variation of sheet resistance with substrate position was attributed to the level of 
gaseous impurity incorporation into the deposited {Hj;j[)p.0,25,27,36,88,89] ^  tentative
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correlation between the specular reflectivity, which indicates a change in the depth of grain 
boundary grooves and the sheet resistance, has been proposed, with films of high sheet 
resistance being associated with low specular reflectivities.
Further work using low temperature measurements to increase the sensitivity of the
technique to impurities, relative to the lattice contribution, would enable the effects to be 
distinguished more easily. Verification of the cause of the resistivity change would require 
a knowledge of the impurity distribution in the deposited film. However, analytical 
techniques such as SIMS would average the results over the scan area of the beam, while 
impurities are likely to be concentrated at grain boundaries^^^'^^"^^'^^^^. Therefore TEM 
would be necessary to determine the location of silicon or other impurities within the film.
8.2.4 Overall Conclusions and Suggestions for Future Work
Al-Si alloys, deposited by dc magnetron sputtering, are often used as a contact and 
interconnect material during the fabrication of microelectronic devices.
A survey of the literature regarding the deposition of A1 and A1 alloy films revealed that 
there were a number of topics requiring attention.
There was data showing that structure and the electromigration resistance of the deposited 
film were but the variation of film structure with film thickness and
substrate type for sputtered aluminium films was not known. The film specular reflectivity 
was used as a process monitor, but there was no quantification of the quality of the film 
measured by, and hence meaning attached to, the specular reflectivity. Some data was 
available showing critical dimension size was linked to the film's diffuse reflectivity but 
only tentative remarks had been made about the dependence of autoalignment accuracy on 
film specular reflectivity^®'^^^. Finally, there was no information regarding the optimisation 
of a batch mode deposition process, or the variation of film properties and structure in such 
a process.
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This work has shown that:
(a) In continuous mode deposition process the orientation, quantified by a ratio of
the X-ray diffraction intensities from (111) and (200) planes parallel to the
substrate surface, and grain structure of the deposited film was strongly
dependent on the thickness of the film.
(b) In a batch deposition process the structure and specular reflectivity of the
deposited film was strongly dependent on the substrate position, with the
possibility of a large variation in uniformity between substrate positions
remaining even after optimisation.
(c) The specular reflectivity of a deposited film was able to be explained by the 
use of three wavelength regimes. Above a wavelength it was dependent 
on an interband transition in Al, between A ^  and A2/ which is lower than Ap it 
was dependent on the rms surface roughness and film optical constants, and 
below A 2 it was dependent on the grain size in addition to rms surface 
roughness and optical constants.
(d) The deposited film's specular reflectivity and structure was strongly 
dependent on the substrate used during deposition.
(e) The critical dimension size and automatic alignment accuracy obtained during 
photolithographic processing were dependent on the film's specular 
reflectivity.
(f) There was a variation of sheet resistance with substrate type and substrate 
position during a batch deposition process.
These results have implications regarding the electromigration resistance of the deposited
film, device electrical characteristics and deposition monitoring and control. These are:
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(a) The structure of the deposited film, and hence its electromigration resistance, 
may be controlled by specifying limits on the deposition process.
(b) The use of monitor substrates, such as (100) silicon, with or without a thermal
oxide, will not give monitored film properties similar to those on device
substrates which have a LPCVD oxide present.
(c) The control of specular reflectivity uniformity, especially in batch mode, is 
important to limit critical dimension and alignment accuracy variation.
(d) Monitoring of a batch deposition process at a single position can give 
misleading results since the variation of properties with position can alter as 
the deposition conditions are varied.
(e) The initial deposition in a batch deposition process should not be used for 
device processing, since it gives films of lower specular reflectivity and 
reduced XRD ratio.
The mechanisms behind the effects described require extensive investigation using X-ray 
diffractometry and impurity analysis. The relationship between the film structure and the 
electromigration resistance has not been investigated here, although it is necessary for the 
determination of the optimum film structure to give the best electromigration resistance, and 
would give the ability to predict the electromigration resistance of a deposited film on the 
basis of film structure measurement. Once a more comprehensive understanding of the 
effects of film structure on film properties is established, the focus of attention can be
moved to direct measurement and control of the properties of fundamental plasma species,
which are ultimately responsible for the final film structure.
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ERRATUM 
PhD  1990: R J W ilson
Page 103: Last P aragraph
"In add ition  to th is a t position  one ..... w h ile a t position five" shou ld  read  "In ad d itio n  to
th is a t position  f i v e  w h ile a t position  one"
Page 107: Section 5.2.1.1
"reduced from  700 nm  to 400 nm " should  read  "reduced from  650 nm  to 400 nm "
Page 184; (a)
"The average sheet resistance w as lower" should  read "The average sheet resistance w as 
higher"
Page 185:
"resistivity b y  0.7 |ii2cm^^^®^" should  read  "resistivity b y  0.7 pD cm /a tom ic
yiSraHi«iï
